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Chapter 1 Introduction 
1.9. Magnesium and its alloys 
    Magnesium and its alloys are widely used in a variety of structural and 
nonstructural applications  [1]. Structural applications include automobile, 
industrial, material handling, and aerospace equipment. Nonstructural 
applications include being used as alloying element in various alloys 
including aluminum, zinc, copper, and even ferrous alloys, like being used as 
a graphitizing agent in nodular cast iron. Magnesium alloys are usually 
divided into Zr-containing and Zr-free alloys, as the effects of grain 
refinement of Zr are much considerable. Zr-containing alloys include Mg-
Zn-Zr and Mg-Y-Zn-Zr classes of alloys. Zr-free alloys include Mg-Al, Mg-
Al-Zn, Mg-Al-Si, Mg-Al-RE, and others. Mg-alloys are usually produced 
using sand and permanent mold casting, die casting, extrusion, and forging. 
    The crystal structure of magnesium is hexagonal close packed  (hcp), 
as shown in Fig. 1.1. Despite the important advantages of magnesium alloys, 
like the high strength-to-weight ratio [3], the hcp crystal structure 
disadvantageously reduces the room temperature formability of magnesium 
alloys, which considerably limit their applications [4]. At room temperature, 
the critical resolved shear stress (CRSS) of the basal plane (0001) is much 
lower than those of other non-basal planes [5]. This gives rise for the 
activation of the basal plane only, which limits the ductility. However, at 
higher temperatures, the CRSS of various slip systems become closer, which 
permits their parallel activation, and eventually, increases the formability of 
the alloy [4]. 
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    Fig. 1.1 The hexagonal close packed (hcp) crystal structure  [1]. 
1.10. Strengthening mechanisms of Mg-alloys 
    Efforts have been done to improve the properties of magnesium alloys 
based on various strengthening mechanisms, including, chemical alloying, 
thermo-mechanical processing, and rapid solidification. 
1.10.1. Chemical alloying 
    Chemical alloying has been extensively used to improve the properties 
of Mg alloys. Amongst alloying elements used with Mg alloys, rare earths 
have shown promisingly positive effects on the properties of Mg alloys. It 
has been reported that alloying with La, Ce and Gd resulted in grain 
refinement of Mg, leading to the increase in the strength [6]. Rare earths 
have also shown another important advantage of reducing the texture 
strength of basal plane, an effect that eventually improved the ductility of 
Mg alloys [7]. The same effect of reducing texture strength has also been 
reported to increase the formability of Mg sheets [8]. Moreover, the 
compound effect of both grain refinement and weakening of texture was also 
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shown for rare earth, leading to an improvement of the mechanical properties 
of Mg alloys [9]. Creep resistance of Mg alloys has also been shown to 
improve by using alloying with rare earths, especially through the 
mechanism of suppression of grain boundary sliding and dislocation motion 
caused by fine dispersed stable Al-La compound particles along the grain 
boundaries  [10,  11]. Corrosion resistance has also been reported to improve 
as a result of the decrease of galvanic corrosion caused by the rare earths' 
effect of suppression of Mg-Al  ((3-phase) and the formation of Al-La (y-
phase) [12]. La was also shown to improve the mechanical properties of Mg-
alloys that contain Al-Zn-Ca additions through its effects on grain refinement 
and the formation of finely dispersed compound particles [13]. Furthermore, 
La is much cheaper than the other rare earth alloying elements, and is one of 
the effective additions to Mg alloys for their performance improvement. 
    Other alloying elements which have shown good effects on the 
strength of Mg-alloys include, but not limited to, Zn, Zr, Mn, Y, and Ca. Zr 
has been shown as an effective element for the grain refinement of Mg-alloys 
[2]. It was also shown as an important factor for the strengthening of Mg-
alloys when combined with other elements like Zn [14]. Mn addition with 
carefully adjusted contents have also contributed to the increase in the 
fatigue strength of Mg-alloys, but when its content increased, it tended to 
have the adverse effect of forming harmful compounds that worked as stress 
raisers [15]. 
    Mg-Y-Zn series of alloys have also shown a unique structure of long 
period stacking order (LPSO) phase that provided Mg-alloys with improved 
properties  [16]. The quasi-crystalline icosahedral phase provides unique set 
of properties due to its thermal stability and strong bonding to the Mg matrix 
[17]. The Mg-Y-Zn-Zr alloy combination has also shown high mechanical 
strength in its as-cast form due to the combined effects of LPSO phase [18, 
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19]. Ca also has shown positive effects on Mg-alloys through its role to 
decrease the alloy combustibility and to increase its high temperature 
strength [20, 21]. It has also revealed its promising effect of forming fine 
intermetallic ompounds that contributed to the increase in the tensile 
properties of Mg-alloys [22]. 
 1.10.2.Thermo-mechanical processing 
    Thermo-mechanical processing was also shown as an important 
mechanism for the strengthening of Mg-alloys. Repeated plastic working has 
been reported to improve the mechanical response through grain refinement 
[23]. Equal channel angular extrusion (ECAE) has also been reported to 
refine magnesium grains and reduce texture, which in turn increased the 
yield strength of  AZ31 alloy [24]. It was reported that ECAE has resulted in 
an extensive grain refinement of  AZ31 alloy by the fragmentation f large 
grains of the as-extruded alloy [25]. ECAE was also shown as an effective 
means for the realization of high strength of  AZ31 magnesium alloy through 
its combined effects of grain refinement and texture modification [26]. Not 
only the strength of Mg-alloys were reported to improve, but also the 
toughness of  AZ31 alloy could be improved, compared to that of the as-cast 
alloy, by the use of ECAE via the activation of new deformation 
mechanisms; namely the fine grain rotation and the parallel wrinkled 
deformation types [27]. 
    In these studies, and in other studies as well [4, 28, 29], the Hall-Petch 
relationship describing the trend of increasing the yield strength with 
decreasing of the grain size was shown to prevail. The strengthening factor 
of Mg alloys in this relationship has shown exceptionally high values (0.2 to 
0.34 MPa  gym) compared to that of other materials, like Al which shows 
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lower values (about 0.07 MPa  Aim) [30]. This shows the strong effect of grain 
refinement on the properties of Mg alloys. 
    It has also been reported that various Mg-alloys could be shown to 
follow the Hall-Petch relationship strictly [13, 22]. The strengthening factors 
for those alloys have been 0.170 MPa  -Aim and 0.192 MPa  Aim for Mg-Al-Zn-
Ca-La and Mg-Al-Mn-Ca alloys, respectively. Those values also 
corresponded well to the above shown range of the strengthening factor of 
Mg-alloys. 
 1.10.3.Rapid solidification 
    Grain refinement could be obtained in metals by rapid solidification 
[31-34]. It was shown that rapid solidification can contribute to the 
realization of high strength of magnesium alloys containing both Al-Ca and 
Zn-RE combinations. Li et al. reports the improvement of tensile properties 
of  AZ91HP alloy strengthened with Si C through the use of rapid 
solidification [31]. Mg-Y-Zn alloys have also been reported to improve 
through the use of rapid solidification much more compared to conventional 
cast ones [32, 33], and further improved by the use of reciprocating extrusion 
[34]. 
    The use of powder metallurgy processing technique has provided 
promising improvements in the mechanical responses of Mg-alloys  [13, 14, 
22, 35]. In these reports, alloys like Mg-Zn-Zr, Mg-Al-Mn-Ca, and Mg-Al-
Zn-Ca-La have been fabricated using powder metallurgy processing and hot 
extrusion, and have shown excellent ensile properties compared to those of 
their extruded cast forms. The Mg-Al-Mn-Ca alloy have shown an increase 
in tensile strength of about 30 % for extruded powders compared to that of 
extruded cast billets [22]. However, the elongation has decreased about 40 %. 
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On the other hand, the Mg-Al-Zn-Ca-La alloy has shown a better increase in 
its strength to about 50 % of extruded powders compared to extruded cast 
billets, while attaining almost he same level of elongation [13]. 
    The use of rapid solidification process has provided a lot of 
advantages including both grain refinement and super saturation of alloying 
elements, an effect that reduces the formation of coarse inter-metallic 
compounds, especially in the case of low solubility alloying elements, 
leading to improved mechanical response [36]. Similarly, rapidly solidified 
powder metallurgy Al alloys have shown an improvement of the mechanical 
properties [37]. Different Mg alloys have also been produced using rapidly 
solidified powder metallurgy technique, including Mg-Al-Zn, Mg-Al-Ca, 
and Mg-Zn-Y, leading to improved mechanical response [38, 33]. The 
authors of the current paper have also reported the well promising properties 
of Mg-Al-Mn-Ca alloy processed by rapidly solidified powder metallurgy, 
and showed that its properties are well improved compared to that of cast 
alloy [31]. 
    Spinning Water Atomization Process (SWAP) has proven its ability to 
produce rapid solidified powder particles with ultra fine grained 
microstructure [37]. In this process, gas atomization is combined with water 
atomization in SWAP, which in turn increases the cooling rate to about 106 
 K/s, while it ranges from 102 to  105  K/s for the conventional atomization 
processes. 
1.11. Major reported high strength Mg-alloys 
     Several other previous reports have also shown remarkable 
improvements in the mechanical properties of Mg alloys. Honma et.al. 
reported attaining 473 MPa yield strength, 542 MPa tensile strength and 8% 
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elongation for  1.8%Gd-1.8%Y-0.69%Zn-0.16%Zr Mg alloy produced 
through hot extrusion followed by aging treatment [39]. Similar  Mg-10Gd-
2Y-0.5Zr alloy has also showed good performance in the as-extruded form 
with better elongation of 15.3%, but lower tensile strength of 403 MPa [40]. 
Hot rolling was also used to produce ternary Mg90.5  Ni3.25 Y6.25 (at. %) cast 
alloy consisting of long-period ordered phase, which resulted in 460 MPa 
yield strength, 526 MPa ultimate tensile strength, and 8% elongation [41]. 
On the other hand, processing routes like equal channel angular extrusion has 
also been employed to  AZ31 alloy, which resulted in the ultimate tensile 
strength of 445 MPa [42]. Rapidly solidified powder metallurgy processing 
was also used to produce Mg-Zn-Y alloy showing 410 MPa yield strength 
with 12% elongation [16]. Reinforcing  AZ91D alloy with Si-coated carbon 
nano-fibers has also shown a maximum tensile strength of 470 MPa for 7.5% 
carbon nano-fibers, but with the elongation falling to 1.7% [43]. 
1.12. Anisotropy of Mg-alloys 
    Anisotropy of mechanical properties of wrought Mg alloys caused by 
the strong texture has been shown as a barrier in the extension of their 
applications. Hence, the texture analysis became a very important ool for the 
evaluation and understanding of the mechanical response of Mg alloys [44]. 
The texture evolution during thermo-mechanical processing of Mg alloys has 
been investigated aiming at understanding their effects on properties of those 
alloys [45-47]. Based on the reported results, various conclusions have been 
made, with some of them suggesting that the extrusion temperature, for 
example, has no relation with the texture formation [45] and with others 
showing its effect on the amount of dynamic recrystallization [46]. The 
common result among most references was that the fiber texture was usually 
obtained after hot deformation of Mg alloys in which the basal plane is 
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aligned parallel to the extrusion direction  [48, 49]. That strong texture was 
then linked to the anisotropy of mechanical properties through the possibility 
of favoring twinning in both tension and compression loadings. Texture 
evolution during hot deformation, like compression, has also been studied 
and the effect of both strain rate and processing temperature on the texture 
was revealed through the Zener-Hollomon parameter [50,  51]. It could be 
shown that this factor controls the recrystallization behavior of the 
investigated alloys. 
    Trialshave been made to  modify the texture formation, and ultimately 
to improve the mechanical response, in Mg alloys through the use of alloying 
elements, especially rare earth elements [52-58]. Those elements have shown 
a remarkable modification of the texture of wrought Mg alloys owing to the 
reduced texture strength by the formation of randomized crystal orientation 
[52]. That effect was shown to be mainly obtained through the formation of 
transverse texture component, extensive grain refinement, solute atoms 
interactions, and nucleation of grains at shear bands rather than inside 
original grains [53-56], while in some cases particle-stimulated nucleation of 
recrystallization has been shown as of minor effect [57]. Elongation of 
magnesium alloys has been ultimately improved due to that reduction in the 
texture strength [8, 58]. Alloying with Ca has been shown to reduce the 
texture strength due to the randomized nucleation of recrystallized grains at 
intermetallic ompound particles [59]. Equal channel angular extrusion has 
also been reported to improve the ductility of Mg alloys in the longitudinal 
direction as a result of the inclined texture formation, but on the expense of 
reduced strength [60]. The effect of the texture on the mechanical properties 
of wrought Mg alloys has also been investigated and found to be mainly 
through the susceptibility of the deformation mechanism, namely slipping or 
twinning, based on the available texture pattern [61, 62]. The tensile and 
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compression properties have been shown to be of totally different nature for 
the same alloy due to the different possibilities of twinning activation [63, 
64]. The grain size also has played an important role in determining whether 
the twinning mechanism becomes active or not, which if activated results in 
remarkable softening. 
1.13. Study of Fracture Mechanics of Magnesium alloys 
    As the number of references which have discussed the fracture 
toughness of magnesium alloys based on standard test methods is very small, 
it was required to characterize the alloys produced in this study using powder 
metallurgy processing. This lack of references occurs despite the increasing 
importance of characterizing the fracture toughness of various materials 
when introducing them as a design solution for different applications. A few 
articles have discussed the fracture toughness of magnesium alloys, with 
their emphasis on the evaluation of both  Kic and CTOD fracture parameters. 
1.13.1. Fracture mechanics definition and its importance 
    Fracture mechanics is the study of mechanicalbehavior of cracked 
materials subjected to an applied load [65]. When solids contain flaws or 
cracks, the field equations are not completely defined by the theory of 
elasticity since it does not consider the stress singularity phenomenon ear a 
crack tip. It only provides the means to predict general yielding as a failure 
criterion. Despite the usefulness of predicting yielding, it is necessary to use 
the principles of fracture mechanics to predict fracture of solid components 
containing cracks [66]. 
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    The field equations are assumed to be within a small plastic zone 
ahead of the crack tip. If this plastic zone is sufficiently small, the small-
scale yielding approach is used for characterizing brittle solids and for 
determining the stress and strain fields when the size of the plastic zone is 
sufficiently smaller than the crack length; than is, r << a. In contrast, a large-
scale yielding is for ductile solids, in which r  > a. Most static failure theories 
assume that the solid material to be analyzed is perfectly homogeneous, 
isotropic and free of stress risers or defects, such as voids, cracks, inclusions 
and mechanical discontinuities (indentations, cratches or gouges). Actually, 
fracture mechanics considers structural components having small flaws or 
cracks which are introduced during solidification, quenching, welding, 
machining or handling process [65]. 
1.13.2. Linear Elastic Fracture Mechanics 
    According to linear elastic fracture mechanics (LEFM) approach, 
fractures of engineering parts and structures occur when the driving force, 
expressed as a function that depends on the applied stress and the flaw size, 
exceeds the resistance force of the material. A crack in a body may be 
subjected to three different ypes of loading, which involve displacements of
the crack surfaces. The mechanical behavior of a solid containing a crack of 
a specific geometry and size can be predicted by evaluating the stress 
intensity factors  (Kb  K11 and  Km) shown in Fig. 1.2 [67]. As mode I loading 
is prevailing,  lc is usually referred as the stress intensity factor that accounts 
for the applied stress and the flaw size, and is representing the driving force 
of fracture. On the other hand, the  K1 represents the critical stress intensity 
factor at which  fracture starts to occur, which is considered as a material 
property that can be evaluated only by testing under strict loading and 
boundary conditions. It is also regarded as the plane strain fracture toughness 
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 Mode  I  Mode  II  Mode  III 
 (Opening)  (Sliding)  (Tearing) 
   Fig. 1.2 The three loading modes of the cracked components [67]. 
of brittle materials, according to ASTM E 399 standard, which characterizes 
the fracture toughness of brittle materials  [67]. 
    On the other hand, materials with considerable ductility levels are 
usually characterized with parameters based on elastic-plastic approach [66]. 
The crack tip opening displacement (CTOD), which is the displacement of 
the crack surfaces due to elastic and plastic deformation at variously defined 
locations normal to the original (unloaded) crack plane at the tip of the 
fatigue precrack, is usually used ASTM  E 1820 [68]. 
    The above mentioned parameters are usually evaluated using the 
relevant standard practices, like the well established ASTM E 399 and 
ASTM E 1820 standard methods [67, 68]. Alternatively, other methods may 
also be used, like the stretch zone analysis, as a result of the difficulty to 
obtain valid results of the standard parameters using reasonable specimen 
sizes [69]. 
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1.14. Evaluation of Dynamic behavior of magnesium alloys 
    The need for the evaluation of the dynamic properties of the extruded 
magnesium alloys' powders has arisen after their static behaviors were 
shown to be promising. It could be shown previously that the powder 
metallurgy processing has resulted in improved mechanical properties of 
magnesium alloys. Hence, the need for studying the dynamic performances 
of the magnesium alloys fabricated by using rapid solidification powder 
metallurgy has arisen, as it could open a wider market for magnesium alloys. 
1.14.1. Experimental investigation of ballistic impact of Mg-
     alloys 
    The ballistic impact testing has been used for the evaluation of the 
dynamic behavior of alloys and structures under high velocities over a range 
of specimen configurations [70-73]. The fracture behavior was the main 
emphasis in some of the previous work with various types of projectile 
configurations [70, 71]. The effect of ballistic impact on the deformed 
microstructure was also studied for AM6OB magnesium alloy at hyper-
velocities [72]. The use of magnesium alloys for dynamic applications, 
which require materials with excellent performances under severe conditions 
of high strain speeds, has been investigated in the above references. The 
trials for setting of a standard specification for the use of  AZ31 alloy in 
dynamic applications have resulted in the release of the MIL-DTL-32333 
standard in 2009 [74]. This shows the applicability of magnesium alloys in 
this important field, especially with alloys that have better performances. In 
this study, the dynamic behavior of extruded magnesium alloy powder was 
evaluated through the ballistic impact test of alloy plates using a steel ball 
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with a high speed. The deformation of the specimen after test was used as 
evaluation criteria. 
1.14.2. Simulation of the dynamic behavior using FEM model 
    The simulation of the ballistic impact test was needed to be able to 
predict the dynamic responses of the extruded Mg alloys. After performing 
some preliminary simulation trials using LS-DYNA software, it became 
clear that it is needed to develop a sound material model that can precisely 
imitate the mechanical response of the alloy, as the use of other material 
models resulted in an accuracy that is not acceptable [75]. 
    The coupled experimental and finite element method (FEM) 
evaluations of mechanical tests have usually been utilized to characterize the 
local parameters, like stresses and strains, precisely. This is due to the 
limitations of the experimental measurements to acquire the global 
information like forces and displacements [76]. The material models 
available in the LS-DYNA software that have a potential to represent he 
alloy have been tried. Most of these models are based on the isotropic Mises 
yield function [77]. However, the alloy characteristics like the anisotropy 
and the strain rate effect have resulted in the importance of developing a 
better representative material model, which can take into consideration the 
most important characteristics of the alloy. Hence, the user defined material 
model subroutine that was previously developed based on the anisotropic 
Hill function has been selected for that purpose [78]. 
    An optimization methodology has beenused to obtain the material 
model parameters precisely based on the experimental nd simulation results 
of both the tensile and compression tests. In this process, the experimental 
results of both tensile and compression tests, as stress-strain date, were used 
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to calculate the output FEM load-displacement of the simulation. Then those 
results of both the experimental and FEM analyses were compared, and the 
difference was used to optimize the data input for simulations until good 
agreement could be obtained. 
    Due to the similarity of nature of input and output parameters in both 
tensile and compression tests, the material model has been verified using the 
comparison of the experimental and simulation results of bending test. 
Finally, the simulation of the ballistic impact test was carried out and both 
the experimental nd FEM results were compared together. 
1.15. Aim and scope of the current study 
    The aim of the current study is to investigate the combined effect of 
both chemical alloying, with Al-Mn-Ca, Al-Zn-Ca-La and Zn-Zr element 
combinations, and the use of rapidly solidified powder metallurgy on the 
microstructure, static and dynamic mechanical responses of hot extruded 
alloys' powders produced using rapid solidification. Those alloys were 
shown previously, in this chapter, to be developed and produced in their cast 
forms and to show moderate behaviors. However, the focus in this study is 
on their behavior when fabricated using the hot extrusion of alloy powders. 
The alloy powders were first characterizes in their as-received conditions in 
order to understand their behavior. They were consolidated using different 
techniques, namely cold compaction and spark plasma centering (SPS), and 
then hot extruded using different extrusion temperatures for optimization 
purposes of the conditions. 
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1.16. Thesis composition 
    This thesis is composed of 8 chapters, including the current 
introduction one, as illustrated in the flow chart of Fig. 1.3. The second 
chapter gives a detailed explanation of the experimental procedures used in 
this study. In chapter 3, an extensive study on the characteristics of the rapid 
solidification powders of magnesium alloys are shown and compared to 
those of the cast alloys. Chapter 4 reveals the microstructures and the 
evolution of crystallographic textures during hot extrusion of the magnesium 
alloys. The static mechanical properties of the extruded magnesium alloys 
via rapid solidification powder metallurgy, including tensile, compression, 
and hardness properties are introduced in chapter  5. The fracture toughness 
of extruded magnesium alloys is investigated in chapter 6. The evaluation of 
the dynamic characteristics of magnesium alloys through the experimental 
investigation and FEM simulation of the ballistic impact testing of 
magnesium alloys is shown in chapter 7. In chapter 8, the summary of the 
entire study, as well as the important conclusions, are revealed. 
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Chapter 2 Experimental procedure 
2.1. Cast alloys and powders 
    Four magnesiumalloys have been investigated in this study, which 
have the chemical compositions listed in Table 2.1. The naming pattern 
follows the standard practice of having the letters of main alloying elements 
followed by numbers representing their average percentages. For example, 
 "A"
,  "M", "X" and "E" means  Al,  Mn, Ca and rare earth  elements, 
respectively. In the present study, La element was used as a rare earth 
element. Those alloys have been previously shown to have good mechanical 
properties in their cast form. However, the focus in this study is on their 
performance when fabricated via rapid solidification powder metallurgy. 
 AMX602 alloy is a standard AM-series' alloy with the addition of Ca to 
improve the combustibility and high temperature properties [1, 2]. Both 
 ZAXE1713 and  ZAXE1711 alloys contain Ca and La additions as it is now 
well established that rare earth additions could improve the properties of Mg 
alloys through their effects of weakening texture, grain refinement, and 
increasing creep and corrosion resistances [3-6]. The ZK61 alloy is a 
standard alloy that contains zirconium and is extensively used as a cast alloy 
 [7• 
Table 2.1 Chemical compositions of Mg alloys investigated in this study 
(wt. %). 
    Alloy Al Mn Zn Ca La Zr Mg 
 AMX602 6.01 0.26 0.01 2.09 Bal.  
    ZAXE1713 7.20 0.01 0.98 1.12 3.34 Bal.  
    ZAXE1711 6.99 0.01 0.99 1.04 1.54 Bal.  
    ZK61 0.01 0.01 5.21 0.34 Bal. 
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lloy l n a r g
 X602 .01 .26 .01 .09 ^ .^ l.
XE1713 .20 .01 .98 .12 .34 al.
 XE1711 .99 .01 .99 .04 .54 ^  al.
61 .01 .01 .21 ^ .^ .34  al.
Fig. 2.1 Schematic representation for the SWAP process used to produce 
                   magnesium powders.
    The cast alloys have been atomized to prepare the powders used as 
raw materials in the study using the spinning water atomization process 
(SWAP) [8]. In this process, schematically represented in Fig. 2.1, gas 
atomization is combined with water atomization to produce super high 
cooling rates of about 106 K/s, which result in relatively coarse powders with 
very fine microstructures and a super-saturation f the alloying elements [9].
2.2. Powder characterization 
    Microstructure analysis of the SWAP powders, cast billets, and the 
extruded bars was performed using both optical microscope and Scanning 
Electron Microscope (SEM, JEOL: JSM-6500F) because of the fine grain 
size of less than 1  pm. Prior to observation, the surface was prepared by 
grinding with successive mesh sizes of emery papers until 4000 grit,
25
followed by polishing using 0.25 pm diameter diamond paste, and etching in 
acetic-picral solution (1.5 gm Picric acid, 10 ml Acetic acid, 10 ml distilled 
water, and 25 ml ethanol). Energy Dispersive X-ray Spectroscopy (EDS, 
JEOL:  EX-64175JMU) attached to SEM was used to analyze the inter-
metallic compounds. The grain sizes of the extruded Mg alloy bars, as well 
as the dendrite arm spacing (DAS) of raw powders, were evaluated using the 
image analysis software (Image-Pro Plus 4.0.0.11). The grain boundaries 
were first traced by hand on tracing papers, and then scanned as image files, 
which were then used as inputs for that software. Differential Thermal 
Analysis (DTA, Shimadzu: DTG-60) was used to investigate the 
metallurgical transformations of both SWAP powder and cast material 
during thermal processing. The analysis was performed while heating each 
sample of about 18 mg of powder referred to 30 mg of alumina, as reference 
material, in an Ar gas atmosphere using the heating rate of 10  K/min. X-ray 
Diffraction (XRD) analysis was used to investigate the phases existing in 
both SWAP powder and cast material using an X-ray Diffractometer 
(Shimadzu: XRD 6100) over a range of 20 of 20 to 80°. 
    In order to investigate about the effect of thermal processing on the 
metallurgical aspects of the SWAP powders, high temperature XRD analysis 
was performed at the range of temperatures of 573 to 823 K in Ar gas 
atmosphere over the range of 20 of 30 to 50°. Annealing of the SWAP 
powder was also performed to see the microstructural changes after 
annealing, which helps to understand the microstructural evolution during 
thermo-mechanical processing (consolidation and extrusion). After annealing, 
the microstructure and the XRD analysis were obtained for the annealed 
powders. 
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2.3. Consolidation of powders and hot extrusion 
    As-received SWAP powders were consolidated using two different 
techniques, namely cold compaction and spark plasma sintering (SPS, 
Sumitomo Coal Mining: SPS-1030). In cold compaction, 60 g of powder was 
compacted in a 42 mm diameter steel mold at room temperature using a 
pressure of 600 MPa, as illustrated in Fig. 2.2. On the other hand, SPS was 
carried out on the same amount of powder and same size of carbon mold at 
various temperatures in the range of 473 to 673 K in vacuum under the 
pressure of 30 MPa, as illustrated in Fig. 2.3. Heating was done at a rate of 
10  K/min followed by holding at the sintering temperature for 1.8 ks. SPS 
was used for the consolidation of the powders to achieve its advantages of 
the improved metallurgical bonding strength between powder particles, 
which is a very critical factor in determining the mechanical properties of 
extruded bars, as well as for its minimized grain growth compared to the 
conventional sintering  [10]. Both cast billets and consolidated powder billets 
via cold compaction or SPS process were extruded using the 2000 KN 
hydraulic press machine at temperatures in the range of 523 to 673 K, as 
illustrated in Fig. 2.4. Extrusion was performed using a die that produces 
extrusion rods of 7 mm, which is equivalent o an extrusion ratio of about 37. 
The preheating of billets was carried out just before extrusion using a heating 
rate of 1 K/s in Ar gas atmosphere. The billets were held at the extrusion 
temperature in the furnace for 5  min prior to extrusion to ensure homogenous 
temperature distribution. Both the extrusion container and the die were also 
preheated to the extrusion temperature to keep the temperature of the billet 
homogenous during the extrusion process. 
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Fig. 2.2 Schematic illustration of the cold compaction process.
Fig. 2.3 Schematic illustration of the spark plasma sintering process.
28
Fig. 2.4 Extrusion process setup.
2.4. Texture analysis by EBSD 
    The texture evolution in the extruded bars was investigated using the 
electron back-scattered iffraction (EBSD) analysis. The specimens for 
EBSD investigation were cut from the 25 x 40 mm cross-section extruded 
bars such that the observation plane is parallel to the extrusion direction at 
midway between the surface and the center of the extruded rod, as shown in 
Fig. 2.5. Those larger sizes of extrusion rods were prepared to enable the 
extraction of tensile and compression specimens at various orientation to 
investigate the anisotropy. The specimen surface was prepared by grinding 
until 4000 grit emery paper, polishing using 0.25  pm diamond paste, electro-
chemical etching using (37.5 vol.%  H3PO4 + 62.5 vol.% ethanol) solution 
with 5 V for 60 s, and then cleaning using methanol. Texture parameters like 
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Fig. 2.5 Schematic representation of the EBSD observation area on the 
                      extruded rod.
the maximum intensity of the basal plane (0001) texture and the average 
Schmid factor  [11], as well as the average grain size, have been obtained for 
the investigated specimens. The data points with quality index lower than 
0.05 have been removed from the analysis.
2.5. Mechanical properties evaluation 
    Hardness tests were carried out using a Micro Vickers tester 
(Shimadzu: HMV-2T) with a test load of  0.491 N. Tensile, compression and 
bending tests were performed using a universal testing machine (Shimadzu: 
Autograph AG-X 50 KN) at room temperature on three test specimens for 
each material and processing condition, and the average of the three values 
was introduced. The tensile test specimens, having the diameter of 3 mm, the 
reduced length of 15 mm, and the gage length of 12 mm, were evaluated 
using a strain rate of  5x10  /s. The same strain rate was also used to evaluate 
the compression test specimens which had the diameter of 6 mm and the 
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length of 15 mm. On the other hand, 3-point bending tests were performed 
on 3 x 4 mm rectangular cross section specimen with 20 mm span between 
supporting rollers. 
    For both  AMX602 and  ZAXE1711 alloys, their anisotropy has been 
investigated by obtaining tensile and compression tests at various angles 
from the extrusion direction [12], namely 0, 45 and  90°. For the purpose of 
obtaining those specimens, bigger size extrusion bars have been prepared 
which have a rectangular cross-section with the dimensions of 25 x 40 mm 
using the same preparation conditions used for smaller size rods, except for 
increasing the homogenization temperature to 60  min. 
    Fracture toughness tests were performedat room temperature on  3-
point bending test specimens, having straight through notch, according to 
both ASTM E 399 and ASTM E 1820 standards [13, 14]. The thickness, 
width and span of the specimens were 8, 16, and 64 mm respectively, while 
the total length was 68 mm, as shown in Fig. 2.6. The specimens were 
machined from the extruded bars so that the plane of the machined notch is 
normal to the extrusion direction. The  integral knife edges were set up at the 
crack mouth to enable the use of a double cantilever clip-in displacement 
gage to measure the crack opening displacement (COD) during test. Fatigue 
pre-cracks were developed in the specimens using a sinusoidal oading with 
a maximum load of 900 N, a load ratio of 0.1 and a frequency of 20 cps 
using a servo-hydraulic axial fatigue testing machine (Shimadzu: 
Servopulser  E100KN). The ratio of the fatigue pre-crack length to the 
specimen width was set to 0.5 for all specimens. The final fracture stage of 
the fracture toughness test was carried out using stroke control on the above 
mentioned tensile testing machine with the loading rate of  0.0125 mm/s, 
which corresponds to the rate of increase of stress intensity factor of 0.75 
 MPa  M112  /s.The test continues until the specimen could sustain no further 
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Fig. 2.6 Fracture toughness test specimen and setup.
increase in load, which corresponds to the onset of crack propagation. The 
load versus crack opening displacement, measured using the knife edge 
displacement gage placed at the crack mouth, was recorded during test and 
later was used to evaluate the fracture toughness parameters. Details of test 
procedure and equations used to calculate the fracture parameters can be seen 
in the relevant ASTM E 399 and ASTM E 1820 standards. Three specimens 
for each condition were machined and the average values were introduced. 
    Ballistic impact tests were performed to evaluate the dynamic 
behavior of magnesium alloys using the 6 mm diameter steel ball launched 
against the magnesium plate specimen using the compressed air, as shown in 
Fig. 2.7. The disk-shaped test specimens had the diameter of 38 mm and the 
thickness of 3 mm. The ball hits the specimen with an average speed of 140 
 m/s, measured using an optical speed sensor. After impact, the specimens
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Fig. 2.7 Ballistic impact test specimen and setup.
were investigated whether it suffered a fracture, then the front indentations 
and the back protrusions were measured and evaluated as signs of dynamic 
damage.
2.6. Models for mechanical tests 
    To model the static and dynamic behaviors of the investigated alloys, 
FEM models have been setup on the LS-DYNA program with a user defined 
subroutine as the material model. Ultimately, the prediction of the ballistic 
impact behavior was required and the proper material model that imitates the 
original alloy properties needed to be selected. Hence, several other 
simulations were primarily setup to select the proper material model and to
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accurately verify its parameters, including tensile, compression and bending 
test simulations. 
    The investigated alloys have shown anisotropic mechanical behaviors. 
The ultimate stresses and fracture strains of the investigated alloys had 
different values at different directions and in different stress states such as 
tension and compression. To express these anisotropic yield phenomena, Hill 
anisotropic yield function defined by the following equation is selected  [15]. 
 V-R622  633)2  G(633  -  1)2  ±  Mal  1-622)2  + L6232  11/65  ±  2NCii  22=
where, F, G, H, L, M, N are coefficients which can be determined by 6 initial 
yield stresses  Gyii,  6)(22,  43)(335  6Y12,  6Y23, and  01731 using following Equations. 
   1a 
F  =[( Yll  )2  4_o-Yll   )  2 1], G =  1  [(aYll   )  2 +  1  (Yll   )2  ] 
   2  a  Y  22  a  Y  33  2  Cr  y  33 Y 22 
H =1±  (6Y11  )2  (6Y11  )2-1 
   2  6Y22 Cr Y 33 
L =1a.Yll  )2,=1(7Yll   )  2 N  =1(aYll )2 
  2  Cr  y  23 2  6,31  2  a  Y12 
    If F=G=H=1/2 and L=M=N=3/2, the yield function is just the same 
with isotropic Misses yield function. Figure 2.8 shows the initial yield 
surfaces if the ratio  6y11i  6y22 of yield stress  ayi 1 in the extrusion direction 
and yield stress  6y22 in the transverse direction is assumed to be 1, 2, 3 and 4. 
For modeling the effect of tensile and compressive stress states on yield 
surface and fracture criteria, a material model considering the anisotropic 
stress strain relations shown in Fig.2.8 was developed by authors and 
implemented to LS-DYNA through a customized user subroutine [3]. In this 
developed material model, the effects of strain rate on Young's modulus, 
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plastic work hardening and fracture strains are also included. Figure 2.9 
reveals the geometrical representation of simulation models which show the 
mesh distribution. While both the tensile and compression test specimens 
were modeled using two-dimensional axi-symmetrical shell elements, the 
three-dimensional block elements were employed for modeling of both 
bending and ballistic impact specimens.
Fig. 2.8 Initial yield surfaces at various yield stress ratios for the anisotropic 
                      material model.
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Fig. 2.9 Models for FEM analyses showing the mesh distribution.
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Chapter 3 Magnesium alloys powders versus cast 
billets 
    In this chapter, the microstructural features of the investigated alloys 
in their powder and cast forms are discussed. The XRD and EDS analyses 
were also used to identify the intermetallic compounds. Furthermore, the 
effect of thermo-mechanical processing on the microstructure of the alloys 
has also been investigated through performing the annealing heat treatment 
at temperatures similar to those used during both consolidation and the 
extrusion. It should be noted that both  ZAXE1711 and  ZAXE1713 alloys 
have shown very similar microstructure and intermetallic compound 
formation behaviors, due to the effect of supersaturation by the rapid 
solidification  [1]. However, the extruded bars of those alloys have shown 
different behaviors from each other, shown in chapters 4 and 5, which 
provide information about he effect of alloying with La. Therefore, only one 
alloy among both,  ZAXE1711 alloy was selected to be shown in this chapter. 
3.1. Microstructure of SWAP powders and cast billets 
3.1.1. Microstructure of  AMX602 alloy SWAP powder and cast 
billet 
    The SWAP powder of  AMX602 alloy has shown an average particle 
size of 1.1 mm, which is considerably coarse and ensures afe handling. The 
optical microstructures of both SWAP powder and cast  AMX602 alloy are 
shown in Fig. 3.1. For SWAP powder in Fig. 3.1 (a), the directional 
solidification in terms of fine dendrite structures of a-Mg grains can be 
observed, as a result of the high solidification rate of SWAP process [2, 3], 
which also has resulted in the intermetallic ompound-free structure due to 
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the supersaturation f alloying elements via rapid solidification process [4]. 
This fine microstructure has resulted in the hardness value of 85 Hv. The 
supersaturation of alloying elements reduces the formation of coarse inter-
metallic compounds, especially in the case of low solubility alloying 
elements, leading to improved mechanical response [5]. The dendrite arm 
spacing (DAS) has shown considerable dependence on the powder particle 
size, and had an average of about 1.37  pm. This value could be used to 
calculate the solidification rate using the following equation [6], where R 
denotes the solidification rate, which showed the value of 3.6 x  104  K/s. This 
value of the solidification rate is much higher than that of the conventional 
solidification of cast alloys. 
                          DAS=35.5R-0.31 
    For the cast billet, the hardness has much lower value of 55.4 Hv, due 
to the much higher grain size of 94 microns compared to that of SWAP 
powders, as shown in Fig.  3.1  (b). The main constituent of the microstructure 
of the cast alloy is also the a-Mg grains with an intermetallic ompounds 
precipitated at the grain boundaries, which are later identified.
Fig. 3.1 Microstructures of  AMX602 SWAP powder (a) and cast ingot (b). 
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3.1.2. Microstructure of ZAXE1711 alloy SWAP powder and 
cast billet 
    The aforementioned features of the microstructures of SWAP powder 
and cast billet of  AMX602 alloy could also be found in both  ZAXE1711 and 
 ZAXE1713 alloys. The microstructures of  ZAXE1711 alloy are shown in 
Fig. 3.2. The SWAP powder particles of this alloy showed finer sizes of 
dendrite arm spacing than those of  AMX602 alloy. They showed the value of 
0.91  lam for particle sizes below 100  pm, while it showed 2.03  jim for 
particle sizes over 1 mm with the corresponding hardness values of 99 and 
87 Hv, respectively. These values of DAS correspond to the values of 
cooling rates of  1.36x105 and  1.02x104 K/s, respectively according to the 
above mentioned equation. No precipitation of compounds could be 
observed in SWAP powders, as could be shown in Fig. 3.2 (a), which is also 
a direct consequence of the high solidification rate. On the other hand, the 
intermetallic ompounds with flakes shape distributed in the matrix of a-Mg 
were observed in the cast alloy shown in Fig. 3.2 (b). They differ from that 
of  AMX602 cast alloy of Fig.  3.1  (b) in that they exist as separate islands. 
However, they have similar sizes compared to each other. The ZAXE1713 
alloy, which differs only in the La percentage, has also shown a 
microstructure similar to that of  ZAXE1711 alloy. 
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Fig. 3.2 Microstructures of  ZAXE1711 alloy SWAP powder (a) and cast 
                    ingot (b).
3.1.3. Microstructure of atomized ZK61 alloy powder
    The atomized  ZK61 alloy powder has shown very homogeneous sizes 
of powder particles with a completely spherical morphology, as shown in Fig. 
3.3 (a). It has shown a microstructure similar to that of SWAP powders of 
the other alloys. However, the DAS of the alloy powder has shown bigger 
values, as shown in Fig. 3.3 (b), due to its lower cooling rate in atomization 
compared to that of SWAP. The DAS value of 3.2  tun corresponded to the 
cooling rate of 2.35 x  103 K/s. The lower cooling rate results from the fact 
that only gas atomization was used in the fabrication process of this powder. 
This ultimately resulted in the formation of intermetallic compound-
precipitated areas along the grain boundaries of the powder, unlike to the fact 
that the SWAP powder is free from these compounds because of their high 
solidification rates.
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Fig. 3.3 SEM photos of  ZK61 alloy atomized powers (a) and their 
 microstructure (b).
3.2. Intermetallic compound investigation 
    Generally, the SWAP powders revealed no sign of the intermetallic 
compound formation due to high solidification rate of that process. However, 
the cast alloys, as well as the atomized ZK61 alloy powder, indicated some 
 intermetallic compounds, which were investigated herein.
3.2.1. Intermetallic compounds of cast  AMX602 alloy 
    The cast  AMX602 alloy showed an intermetallic compound at the a-
Mg grain boundaries, which was identified as Al2Ca using the XRD  analysis, 
as shown in Fig. 3.4. Peaks of this compound were detected along with those 
of a-Mg matrix. Peaks of Bakelite used for fixing the test samples could 
also be observed in the figure. It was confirmed from this figure that the 
SWAP powder of  AMX602 alloy was free from intermetallic compounds, as 
stated above.
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Fig. 3.4 XRD patterns of  AMX602 alloy SWAP powder and cast.
    The morphology of this intermetallic compound was observed in the 
EDS pattern of the cast alloy shown in Fig. 3.5. The  AI,Ca intermetallic 
compound particles showed a network structure of closely packed columnar 
morphologies, like Chinese characters. Another type of intermetallic 
compounds with a different morphology can also be observed. Very tiny 
spherical particle that contains both Al and Mn can be detected, which was 
then identified as  A16Mn. This compound could not be detected using the 
XRD pattern of the cast alloy, as shown in Fig. 3.4, due to its tiny 
morphology and very small content in the structure. The above results 
confirmed the effect of rapid solidification of SWAP powders for the 
supersaturation of the alloying elements such as Al, Ca and Mn.
44
  Fig.  3.5 EDS of cast  AMX602 alloy showing intermetallic compounds. 
3.2.2. Intermetallic compounds of cast ZAXE1711 alloy 
    Similar to that of  AMX602 alloy, both  ZAXE1711 and ZAXE1713 
alloys have shown the intermetallic compound formation in their cast form. 
The XRD pattern of the cast  ZAXE1711 alloy shows the peaks of both 
 AI,Ca and  AlliLa3 intermetallic compounds, as shown in Fig. 3.6. The 
 ZAXE1713 alloy has shown the same types of intermetallic compounds that 
appeared in the  ZAXE1711 alloy, as they both have the same alloying 
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Fig. 3.6 XRD patterns  of  ZAXE1711 alloy SWAP powder and cast.
elements with similar percentages. The XRD pattern of the  ZAXE1711 alloy 
SWAP powder indicated no intermetallic ompounds in its structure. This 
also confirms the same finding about he  AMX602 SWAP powder of having 
supersaturated alloying elements due to their high solidification rate. 
    The cast  ZAXE1711 alloy contained relatively similar amounts of 
both of the aforementioned intermetallic ompounds. Observing the form of 
both Al-La and Al-Ca compound particles in Figs. 3.7 (a) and (b), 
respectively, could also show that they are different from each other. In 
contrast o that of  AMX602 alloy, Al-Ca compound particles tended to be 
separately distributed with irregular morphologies, while Al-La compound 
particles tended to have the parallel columnar form with considerably finer 
sizes. This fine size of  All  iLa3 intermetallic ompound particles confirmed 
previous findings about the effect of rare earth elements in which they tend 
to refine the microstructure of Mg alloys [7].
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Fig. 3.7 EDS analysis of cast ZAXE1711 alloy showing both  Al„ La; (a) and 
 Al2Ca (b) intermetallic ompounds.
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3.2.3. Intermetallic compounds of atomized ZK61 alloy powder 
    The atomized ZK61 alloy powder revealed the intermetallic 
compound of  Mg4Zn, dispersed along the a-Mg grain boundaries, as shown 
in both Figs 3.8 and 3.9. Peaks of this intermetallic compound can be seen 
along with those of Mg. This is different from those of both  AMX602 and 
 ZAXE1711 alloys' SWAP powders which showed no intermetallic 
compounds. This is due to the lower solidification rate obtained for gas 
atomization process compared with that of SWAP processing.
Fig. 3.8 XRD patterns of atomized  ZK61 alloy powder.
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 Fig. 3.9 EDS analysis of atomized  ZK61 alloy powder showing  Mg4Zn7 
                   intermetallic compounds. 
3.3. Effect of processing conditions on the microstructure of the 
powders 
    In order to investigate the effects of processing conditions (i.e. the 
extrusion and consolidation temperatures) on the microstructure of the 
investigated alloys, differential thermal analysis (DTA), high temperature 
XRD and annealing of the powders were performed. 
3.3.1. Effect of thermal processing on  AMX602 alloy powder 
    Figure 3.10 shows the DTA profiles of fine and coarse SWAP 
powders as well as of cast  AMX602 alloy. They all had very similar patterns. 
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Fig. 3.10 DTA pattern of  AMX602 alloy raw materials.
The first peak, observed at 723 K, is only due to the change in the heating 
rate from 10 to 2  K/min, to increase the resolution at the important range of 
high temperature. The second peak, observed at about 803 K, corresponds to 
an endothermic reaction due to the melting of Al2Ca phase. Although that 
phase was not primarily present in SWAP powder, it precipitated due to 
heating of the sample powder during the DTA test. On the other hand, the 
third peak, observed at about 828 K for cast material and 838 K for SWAP 
powders, is due to the onset of melting of a-Mg phase. It could be confirmed 
by the DTA results that the thermal history of the hot extrusion process had a 
minor effect on recrystallization behavior compared to that of dynamic 
deformation as both the consolidation and hot extrusion temperatures were 
much lower than that of any metallurgical transformation observed in the 
DTA profile. 
    By observing the microstructures of  AMX602 SWAP powder after 
annealing at 473K  — 773K in argon gas atmosphere, it could be confirmed 
that the dendrite structure of SWAP powder showed no change until the 
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Fig. 3.11 microstructure of SWAP  AMX602 alloy powder annealed at 623 K 
                  (a) and 773 K (b). 
temperature of 573 K. Figure  3.11  (a) shows the microstructure of SWAP 
powder annealed at 623 K, which indicates that the change of microstructure 
and grain growth has been started between 573 and 623 K. This means that 
the SWAP powder can keep its fine dendrite structure and no change in 
microstructure occurs until 573 K without any grain growth. It is also shown 
that the structure was completely transformed to equi-axed grains, similar to 
that of the cast  AMX602 alloy, with the size of 39 microns and the hardness 
of 65 Hv after annealing at 773 K, as shown in Fig. 4 (b). However, the 
processing of the alloy did not occur at this range of temperatures. 
    Figure 3.12 shows the XRD patterns of compacted powders after 
annealing at 773, 823, and 853 K compared to the as-received one. These 
temperatures were chosen to be just before and after the metallurgical 
transformation temperatures obtained from DTA profile, as shown in Fig. 
3.10, to investigate the effect of these transformations on the final formation 
of compounds after extrusion. Two different phases were precipitated after 
annealing, namely  Al2Ca, which could also be observed in the cast material, 
and  AI6Mn. The latter has also been detected in the cast alloy but with a 
much lower percentage.
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Fig. 3.12 XRD of SWAP  AMX602 alloy powder annealed at various 
                      temperatures.
3.3.2. Effect of thermal processing on ZAXE1711 alloy powder 
    The DTA profiles of SWAP powder as well as of cast  ZAXE1711 and 
ZAXE1713 alloys, as shown in Fig. 3.13, indicated an endothermic reaction 
due to the melting of  Al2Ca phase at about 800 K. Another endothermic 
reaction was shown at about 850 K due to the melting of  Ali  11_,a3 phase. 
Those compounds were not originally present in SWAP raw powders. 
However, they were precipitated during heating the sample in the DTA test. 
This means that thermal processing of both SWAP powder and cast material 
at temperatures below 800 K has no effect on compound melting. The last 
peak observed in the figure is due to melting of a-Mg phase.
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Fig. 3.13 DTA pattern  of  ZAXE1711 alloy raw materials.
    For further understanding, both high temperature XRD and annealing 
of SWAP powder were performed. Figure 3.14 shows the XRD patterns of 
 ZAXE1711 alloy SWAP powder at temperatures in the range of 573 to 823 
K. The results indicate that Al-La compound particles started to precipitate 
between 573 and 623 K, and continued to exist until 823 K. Similarly, Al-Ca 
compound particles started to precipitate in the same range of temperatures, 
but started to melt after 773 K. Figure 3.15 indicates the effect of annealing 
at different temperatures on the microstructure changes of SWAP powders. 
The dendrite structure has been maintained after annealing at 573 K, while 
new boundaries of coarsened grains started to appear, as shown in Fig. 3.15 
(a). Increasing the annealing temperature diminished the dendrite form of 
grains and changed the microstructure into conventional equi-axed grains, as 
shown in Fig. 3.15 (b). Compound particles changed to the fine dispersed 
form for annealing at 723 K, with the size of particles relatively higher near 
the grain boundaries. Annealing at 823 K resulted in the coarsening of both 
grains and the compound particles to sizes comparable to that of the cast
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Fig. 3.14 XRD of SWAP  ZAXE1711 alloy powder at various temperatures.
Fig. 3.15 Microstructure  of  ZAXE1711 alloy SWAP powder annealed at 573 
              K (a), 723 K (b) and 823 K (c).
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ingot of the alloy, shown in Fig. 3.2 (b). However, the processing conditions 
used in this study did not include temperatures higher than 673 K, which 
means that the SWAP powder did not undergo such kind of grain coarsening. 
3.3.3. Effect of thermal processing on ZK6lalloy powder 
    The atomized ZK61 alloy powder has shown the intermetallic 
compound of  Mg4Zn, in its as-received condition. Thermal processing of this 
alloy powder has resulted in no sign of further precipitation of other 
intermetallic ompounds. However, its effect on the grain size of the powder 
can be observed in Fig. 3.16. The grain size has increased from 3.2  [im, for 
the as-received powder, to 7.9 and 9.8  gm after annealing at 573 and 673 K, 
respectively. This has decreased the hardness of the powder from 79.4 to 
76.6 and 74.2 Hv after annealing. The above mentioned finding can also be 
confirmed through the XRD pattern of the annealed powder at the same 
temperatures shown in Fig. 3.17. The pattern of the as-received powder did 
not change after annealing with no other peaks observed. 
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Fig. 3.16 microstructure  of  ZK61 alloy in its as-received condition (a), 
           annealed at 573 K (b) and 673 K (c).
Fig. 3.17 XRD  of  ZK61 alloy powder annealed at various temperatures. 
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Conclusion 
    The microstructure and the intermetallic ompounds, as well as the 
effect of thermal processing on them, have been investigated for magnesium 
alloys' powders and cast billets. Extensive investigations about he existence 
of compound particles, as well as their morphology, have been carried out. 
Furthermore, the effects of thermal processing on the structure of the 
powders have also been studied. The following conclusions were obtained: 
    (1) The SWAP and gas atomization processes used for thefabrication 
      of the Mg-powders have resulted in a high solidification rate 
       causing very fine microstructures. 
    (2) Supersaturationof the alloying elements was another advantage of 
      the SWAP process, as it resisted the formation of unfavorable
       coarse compounds. On the other hand, some compounds were 
      formed at grain boundaries of atomized  ZK61 powder as a resultof 
       the lower solidification rate. 
    (3) The microstructure of the Mg-powders could be found stable 
       under the thermal processing conditions used in this study.That 
       was evident through keeping their dendrite structure and not 
       forming intermetallic ompounds. 
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Chapter 4 Microstructure and texture of extruded 
Mg alloys fabricated by rapid solidification powder 
metallurgy 
    This chapter introduces the microstructure and texture evolution after 
hot extrusion of Mg alloys powders. The grain sizes and the morphologies of 
intermetallic ompounds are discussed in details. 
4.1. Introduction 
    The thermo-mechanical processing, especially hot extrusion has 
extensively been used to produce wrought magnesium alloys for various 
applications [1]. The effects of processing conditions on the microstructure 
and mechanical properties of extruded magnesium alloys are discussed. 
These conditions were reported to considerably control the characteristics of
the extruded magnesium alloys, as it is well known that a-Mg grains are 
refined for extrusion at lower temperatures due to dynamic recrystallization 
[2]. The texture formation, as well as the dynamic recrystallization behavior, 
during extrusion were also discussed, which were previously reported to 
affect their mechanical properties and anisotropy [3, 4]. As for the 
consolidation of powders to prepare the extrusion billets, it was performed 
using two routes, namely cold compaction and spark plasma process (SPS). 
SPS results in the improved bonding between powder particles along with 
the uniform sintering and reduced internal stresses due to evenly dispersed 
spark plasma energy between powder particles. Another very important 
benefit of SPS is the minimized grain growth, compared to that of the 
conventional sintering process, due to localized heating during consolidation 
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[5]. However,  only the microstructures of the extruded alloy powders are 
discussed below. 
4.2. Microstructure and intermetallic compounds of extruded 
alloys 
4.2.1. Microstructure of extruded  AMX602 alloy 
    The extrusions of the  AMX602 alloy powder compacts as well as the 
cast billets, for comparison, have been performed at 573, 623 and 673 K. 
Figure 4.1 shows the SEM images of extruded  AMX602 alloy observed at a 
plane normal to the extrusion direction. As examples, cold compacted 
SWAP powder, billets sintered using SPS at 473 K, and cast billets extruded 
at 573 and 673 K only are shown. The grain sizes, which were calculated by 
using the image analysis software and shown by ovals in the figure, have 
been revealed to decrease as the extrusion temperature decreased, which is 
consistent with previous findings [2]. Generally, the extruded SWAP 
powders resulted in very fine and homogeneous grain sizes in the order of 
0.4 to 0.5 while extruded cast billets resulted in coarser and less 
homogeneous grain sizes in the order of 2 to 3.3  pm, which is still much 
finer than those of other cast alloys reported in a previous study [6]. That 
non-homogenity in the grain sizes of the extruded cast  AMX602 alloy is due 
to the incomplete dynamic recrystallization, which resulted in the presence 
of some deformed only grains. The dynamic recrystallization behaviors are 
discussed in details later in this chapter. Further discussion on the dynamic 
recrystallization can be found later in this chapter. It can also be seen from 
the figure that consolidation using SPS did not result in considerable 
difference than that of cold compaction in terms of  microstructure, as a result 
                           60
   Fig. 4.1 Microstructures of the  AMX602 alloy SWAP powder cold 
compacted (a), SPS at 473 K (b) and cast (c) extruded at 673  K, and SWAP 
powder cold compacted (d), SPS at 473 K (e) and cast (f) extruded at 573 K.
of the dominance of the dynamic recrystallization effect during hot extrusion. 
Very slight coarsening in both grains and intermetallic compound particles
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can be observed for specimens consolidated using SPS than those cold 
compacted. 
    Observation of the microstructure of extruded SWAP powder 
materials indicates that  Al2Ca  compounds, shown by arrows in Fig. 4.1, are 
evenly dispersed in the structure with fine grains, which in turn is expected 
effectively to strengthen the material as the evenly dispersed fine compound 
particles are well known to improve the strength of Mg alloys, especially 
through the effect of suppression of grain boundary sliding  [7, 8]. Figure 4.2 
shows EDS analysis results of the cast extruded  AMX602, where the 
precipitation of  Al,Ca compound, confirmed also by XRD analysis, can be 
observed. The morphologies of the intermetallic ompound particles of the 
extruded cast  AMX602 alloy has more irregular shapes, coarser sizes with 5 
  10  vm length and less distribution than those of the extruded SWAP 
 powders, which are not favored in terms of strength.
Fig. 4.2 EDS of  AMX602 cast alloy extruded at 673 K. 
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    For comparison of precipitation, the SEM images of the 
microstructure of  AMX602 alloy SWAP powders, consolidated and extruded 
at higher temperatures, 793 and 823 K, are shown in Fig. 4.3 (a) and (b), 
respectively. The microstructures of these specimens show much coarser 
microstructures than those extruded at 573 and 673 K. The sizes of 
intermetallic ompound particles were also drastically increased to 1  — 3  tim, 
especially for the specimen extruded at 823 k. That drastic increase in the 
size of intermetallic ompounds uggests the occurrence of local melting, as 
this temperature is close to that of the onset of melting of  a-Mg detected by 
DTA in Fig. 3.10. It could also be confirmed that these coarse intermetallic 
compounds are  Al2Ca and no other intermetallic ompounds existed, as 
shown in Fig. 4.4.
Fig. 4.3 Microstructures of cold compacted SWAP  AMX602 alloy powder 
            extruded at 793 K (a) and 823 K (b).
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Fig. 4.4 EDS of coarse (a) and fine (b) intermetallic ompound particles in 
  cold compacted SWAP  AMX602 alloy powder extruded at 793 K.
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4.2.2. Microstructure of extruded ZAXE1711and ZAXE1713 
alloys 
    Figure 4.5 shows the observed SEM images of extruded ZAXE1713 
and  ZAXE1711 alloys. As examples, SWAP powders of both alloys 
consolidated via cold compaction and extruded at 573 and 673 K, as well as 
cast  ZAXE1711 alloy extruded at 673 K, are shown. They were selected to 
represent the lowest and highest extrusion temperatures. The extruded 
SWAP powder specimens indicate that the structure consists of fine 
intermetallic ompound particles dispersed in the matrix of fine  a-Mg grains, 
while in the case of extruded cast specimens both the grains and the 
compound particles had coarser sizes. Those compounds, confirmed to be 
both  Al2Ca and  Ali  iLa3 using XRD analysis, have been formed during 
dynamic recrystallization associated with the hot extrusion process. The 
amount and size of these precipitated compounds obviously depended on the 
La content. By increasing the content of La addition from 1.5 % for 
 ZAXE1711 alloy to 3.3 for  ZAXE1713 alloy, the coarser precipitated 
compounds could be observed. The effect of La on the microstructure of Mg 
alloys has been previously shown to be through the formation of fine 
compound particles [9, 10]. Those fine compound particles promote the 
nucleation of fine grains during dynamic recrystallization when performing 
hot extrusion, which ultimately improve the properties of the alloy. However, 
when the La addition increases over a certain limit, it starts to form coarser 
intermetallic compound because of its low solubility in magnesium  [10]. 
That confirms the negative ffect of 3.3% La addition on magnesium alloys. 
    The use of SPS has resulted in the formation of more and coarser 
precipitated compounds than that of cold compacted samples, as shown in 
Fig. 4.5 (e). This is because of the relatively high temperature and long 
processing time used for SPS process, 623 K, and 1.8 ks, respectively. 
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Fig. 4.5 Microstructures of cold compacted SWAP powder of ZAXE1713 
alloy extruded at 673 K (a) and 573 K (b),  ZAXE1711 alloy extruded at 673 
  K (c) and 573 K (d), SPS at 623 K and extruded at 673 K (e), and cast 
 extruded  at  573  K  (f).
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    Similar  to that of extruded AMX602 alloy, the grain size, which was 
calculated by the image analysis software, was shown to decrease as the 
extrusion temperature decreased. The same behavior was also observed for 
the case of the size of the precipitated compounds. Figure 4.6 shows the 
morphology of the coarse intermetallic ompound of cast  ZAXE1711 alloy 
extruded at 573 K. Both  Al2Ca and  A111La3 compounds exist in the structure, 
but with  Al2Ca having much coarser morphologies, which conforms to the 
aforementioned finding about La to form finer compounds. The other 
consolidation and extrusion conditions have also resulted in the formation of 
the same intermetallic ompounds, as shown in the XRD pattern of Fig. 4.7. 
The peaks of both compounds could be detected in all conditions shown in 
the figure. 
    Generally, the extrusion of SWAP powders resulted in very fine and 
uniform grain sizes in the order of 0.4 to 0.5 microns, while extruded cast 
billets showed coarser grains in the order of 5 pm, as shown in Fig. 4.5 (f). 
Unlike to that of extruded  AMX602 alloy, the extruded  ZAXE1711 cast 
alloy has shown a homogeneous distribution of the grain sizes, a sign of the 
complete dynamic recrystallization, which will be discussed later in this 
chapter. 
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Fig. 4.6 EDS of  cast  ZAXE1711 alloy extruded at 573 K.
Fig. 4.7 XRD pattern  of  ZAXE1711 alloy extruded at various conditions
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4.2.3. Microstructure of extruded ZK61 alloy 
    Figure 4.8 shows the optical microstructures of extruded ZK61 alloy. 
Although the consolidation and extrusion have been performed at 9 different 
conditions, only 4 examples of these conditions were selected to show the 
effect of the preparation conditions on the microstructure of the extruded 
alloy. The grain size, which was calculated by the image analysis software, 
was shown to decrease as the extrusion temperature decreased. Generally, 
the extruded atomized powders resulted in very fine and uniform grain sizes 
in the order of 1 to 2 microns, while extruded cast billets of previously 
reported research on matching alloy resulted in coarser grains in the order of 
10 microns [11]. The microstructures, hown in Figure 4.8, along with the 
results of XRD, not shown herein, confirm that extruded atomized powder 
materials indicate that  Mg4Zn7 compounds are finely dispersed in the 
structure with no remarkable difference between specimens with various 
preparation routes. This can also be shown in the SEM image of the 
specimen, both consolidated and extruded at 673, in which tiny inter-metallic 
compound particles can be seen at the grain boundaries, as shown in Figure 
4.9. Although the very fine size of these particles did not enable them to be 
analyzed using EDS, XRD data was used to confirm the presence of these 
compound particles. 
    It canbe also shown in Figure 4.8 that dynamic recrystallization has 
occurred homogenously during the extrusion process, which resulted in the 
monotonic microstructure with homogenous grain sizes. In contrast, 
previously reported microstructure of extruded cast  ZK61 alloy was 
characterized with bimodal grain sizes as a result of the non-homogenous 
recrystallization behavior associated with coarse grained cast microstructures 
[11, 12]. The dominant effect of the extrusion temperature over that of the 
sintering temperature can be shown by comparing the pairs of Figure 4.8 (a) 
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to (b), (c) to (d), (a) to (c), and (b) to (d), in which it is clear that the 
extrusion temperature has the strongest effect on the grain size of the 
extruded  ZK61 alloy.
Fig. 4.8 Optical microstructures of  ZK61 atomized powder sintered at 473 
and extruded at 523K (a) and 673 K (b), and those sintered at 673 K and 
             extruded at 523 K (c) and 673 K.
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Fig. 4.9 SEM image of the microstructures  of  ZK61 atomized powder 
          sintered at 673 K and extruded at 673 K
4.3. Texture evolution in extruded SWAP and cast magnesium 
alloys 
    In order to reveal the texture evolution during extrusion of the Mg 
alloys, the EBSD analysis has been applied to both extruded SWAP powder 
specimens and extruded cast ones, as shown in Fig. 4.10. Both the  AMX602 
and the  ZAXE1711 alloys have been selected for this analysis. The inverse 
pole figures (IPF) showing the crystal orientation mapping, with the 
extrusion direction vertically aligned, and the corresponding pole figures 
(PF) of (0001) basal plane texture of the extruded specimens are shown in 
the figure. The inter-metallic ompound particles are not shown in this map 
with the black dots representing their positions.
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Fig. 4.10 The EBSD analysis results  of  (a)  AMX602 alloy SWAP powder, 
  (b)  AMX602 alloy cast, (c)  ZAXE1711 alloy SWAP powder, and (d) 
ZAXE1711 alloy cast specimens extruded at 673 K showing both the crystal 
      orientation mapping and the basal plane orientation texture.
    The (0001) basal plane texture shows a mixture of the normal and 
transverse components, which is consistent with the findings by other 
references [13]. The basal planes in most grains are aligned along the 
direction that makes an acute angle with the normal direction towards the
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transverse side. The maximum intensity of the basal texture shows the values 
of 5.1 for extruded SWAP powder specimens, and 8.8 for extruded cast ones. 
It should also be noted that the grain sizes of extruded cast  AMX602 alloy 
have shown non-homogenous distribution, an observation which is 
consistent with that of SEM images in Fig.  4.1  (c) and (f). This was due to 
the incomplete dynamic recrystallization, which resulted in both 
recrystallized and deformed grains, which conforms to previous findings [14, 
15]. The extruded  ZAXE1711 ally has shown lower values of maximum 
intensity of the basal plane texture than that of  AMX602 alloy. This was also 
accompanied by higher values of the average Schmid factor of  ZAXE1711 
alloy than that of  AMX602 alloy. These results of randomized crystal 
orientations how that extruded  ZAXE1711 alloy is expected to reveal less 
anisotropy than extruded  AMX602 alloy in both tensile and compression 
properties at various loading directions. This texture randomization could be 
attributed to the effect of rare earth addition on the texture, which has been 
previously reported [16-22]. 
    Separating both deformed and recrystallized grains in separate IPF 
maps and their PFs provides deeper insight of the effect of recrystallization 
during hot extrusion of the investigated alloys, as shown in Fig. 4.11. 
Deformed grains (b) show higher maximum intensity of the basal plane than 
that of recrystallized ones as a result of their strong texture [15]. However, as 
the volume fraction of the deformed grains is remarkably less than that of 
recrystallized ones, the maximum intensity of the basal plane texture did not 
increase considerably. It should also be noted that both types of grains show 
similar orientation of the basal plane compared to each other, and to that of 
extruded SWAP powder specimen. 
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  Fig. 4.11 The EBSD analysis results of  AMX602 alloy cast specimen 
extruded at 673 K showing separately both the recrystallized grains (a) and 
                 the deformed grains (b).
    For further investigation of the effect of extrusion conditions on the 
recrystallization behavior and on the evolution of texture, the EBSD patterns 
of  AMX602 and  ZAXE1711 alloys extruded at 573 K were also investigated. 
As shown in Fig. 4.12, they have shown similar results to those of specimens 
extruded at 673 K, including the texture pattern and the average Schmid 
factor. However, it is obvious that  AMX602 alloy extrusions, even the 
extruded SWAP powder specimens, contained some amounts of deformed a-
Mg grains. These grains have contributed to the increase of the maximum 
intensity of basal texture of  AMX602 alloy, despite its common trend to 
decrease as a result of the lower extrusion temperature. The latter effect of 
extrusion temperature could be confirmed through the Zener-Hollomon 
parameter, according to the below equation  [23] 
 Z  =  e  exp  (Q  / RT)
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Fig. 4.12 The EBSD analysis results  of  (a)  AMX602 alloy SWAP powder, 
  (b)  AMX602 alloy cast, (c)  ZAXE1711 alloy SWAP powder, and (d) 
 ZAXE1711 alloy cast specimens extruded at 573 K showing both thecrystal 
      orientation mapping and the basal plane orientation texture.
where Z is the Zener-Hollomon parameter,  E is the strain rate, Q is the 
activation energy which equals to 1.35 x  105 J/mol, R is the gas constant 
which equals to  8.314 J/K.mol, and T is the extrusion temperature. The
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values of Z were 4.05 x 1011 and 0.06 x 1011 for specimens extruded at 573 
and 673 K, respectively. It was previously clarified that higher Z values 
resulted in a reduced amount of recrystallized grains, weaker texture, and 
reduced anisotropy [23, 24], which meant hat specimens extruded at 573 K 
were more likely to have weaker texture. However, this was overcome by the 
effect of the presence of strong-textured deformed grains. Separating both 
deformed and recrystallized grains of SWAP and cast  AMX602 alloy 
extruded at 573 K reveals the considerably high values of maximum 
intensity of basal texture of deformed grains for both extruded SWAP 
powder and cast billets, as shown in Fig. 4.13. However, their volume 
fraction is much lower than recrystallized grains and also lower than that of 
cast  AMX602 alloy extruded at 673 K shown in Fig. 4.11. It should also be 
noted that no such deformed grains could be observed in extruded 
 ZAXE1711 alloy specimens at any of the extrusion temperatures. This could 
be due to the more distribution of intermetallic ompound particles observed 
in extruded  ZAXE1711 alloy which promoted the dynamic recrystallization 
in their vicinity. 
    It has been shown in previous reports that the Ca element has the 
effect of weakening of the texture of magnesium alloys through the random 
nucleation of recrystallized grains due to the formation of inter-metallic 
compound particles [25]. This effect can also be observed in this study in 
terms of the decreased maximum intensity of the basal texture of extruded 
SWAP powder specimen compared to that of extruded cast due to the fine 
distribution of intermetallic ompounds, which never occurred in the case of 
the extruded cast alloys. 
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 Fig. 4.13 The EBSD analysis results of  AMX602 alloy SWAP powder 
extruded at 573 K showing separately both the  recrystallized grains (a) and 
the deformed grains (b) and  AMX602 alloy cast extruded at 573 K showing 
 separately both the  recrystallized grains (c) and the deformed  grains (d).
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4.4. Summary and Conclusions 
    The microstructure volution during hot extrusion of the magnesium 
alloys, investigated herein, in terms of grain size and intermetallic ompound 
particles morphology and distribution have been discussed in this chapter. 
The texture formation was also revealed by means of the back scattered 
diffraction pattern. The following conclusions can be obtained from the 
results introduced in this chapter: 
 (1)  The powder metallurgy processing of magnesium alloys showed a 
    very considerable improvement in the microstructure of the rapidly
    solidified SWAP powder compared to that of extruded cast alloys. 
  (2) The compound effects of both the powder metallurgy processing and 
    the alloying with the elements combinations in this study contributed 
    to the realization of a fine grain sizes and good dispersion of fine 
    intermetallic compound particles which were favorable for higher 
    strength. 
  (3)The magnesium alloys investigated herein showed a considerably 
    randomized texture for extruded SWAP powders compared to that of 
    extruded cast billets. 
 (4)  Incomplete dynamic recrystallization occurred in the case of  AMX602 
    alloy, especially in its extruded cast form, due to the highvalue of 
    Zener-Hollomon parameter. However, a complete dynamic 
    recrystallization occurred in the case of  ZAXE1711 alloy for all 
    preparation conditions due to the presence of the fine dispersed 
    intermetallic ompounds. 
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Chapter 5 Static mechanical properties of extruded 
Mg alloys fabricated by rapid solidification powder 
metallurgy 
    In this chapter, the static mechanical properties such as hardness, 
tensile and compression properties of the extruded magnesium alloys have 
been discussed. The mechanical anisotropy of both  AMX602 and 
 ZAXE1711 alloys has also been discussed and correlated to the texture 
formation pattern shown in chapter 4. 
5.1. Introduction 
    The alloys investigated herein have shown considerable improvement 
in the microstructure for processing via rapid solidification powder 
metallurgy compared to the conventional casting routes, as shown in chapter 
4  [1-3]. The fine grain sizes and the homogeneous distribution of fine 
intermetallic ompounds are effective to improve the mechanical properties 
of metallic materials, especially magnesium and its alloys. This effect has 
been shown through Hall-Petch relationship in which the strengthening 
factor of magnesium is higher that that of other metals [4]. 
    Previously, the improvements in the mechanical properties of 
magnesium alloys has been obtained using several ways, including but not 
limited to, chemical alloying and thermo-mechanical processing methods. 
Honma et.al. reported attaining 473 MPa yield strength, 542 MPa tensile 
strength and 8% elongation for  1.8%Gd-1.8%Y-0.69%Zn-0.16%Zr Mg alloy 
produced through hot extrusion followed by aging treatment [5]. Similar  Mg-
10Gd-2Y-0.5Zr alloy has also showed good performance in the as-extruded 
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form with better elongation of 15.3%, but lower tensile strength of 403 MPa 
[6]. Hot rolling was also used to produce ternary Mg90.5 Ni3.25 Y6.25 (at. %) 
cast alloy consisting of long-period structure ordered phase, which resulted 
in 460 MPa yield strength, 526 MPa ultimate tensile strength, and 8% 
elongation [7]. On the other hand, the processing routes for microstructure 
control like equal channel angular extrusion (ECAE) has also been employed 
to  AZ31 alloy, which resulted in the ultimate tensile strength of 445 MPa [8]. 
Rapidly solidified powder metallurgy processing was also applied to produce 
Mg-Zn-Y alloy showing 410 MPa yield strength with 12% elongation [9]. 
Reinforcing  AZ91D alloy with Si-coated carbon nano-fibers has also shown 
a maximum tensile strength of 470 MPa for 7.5% carbon nano-fibers, but 
with the elongation falling to 1.7% [10]. In the current study, however, the 
static strengthening effect of the combination of chemical alloying and 
powder metallurgy process has been discussed. 
    The texture pattern of the alloys concerned, shown using the EBSD 
analysis presented in chapter 4, suggests the improvement of the mechanical 
anisotropy of extruded magnesium alloys. Hence, it was also investigated for 
both  AMX602 and  ZAXE1711 alloys and correlated to the texture 
parameters of intensity of (0001) basal plane and the Schmid factor. The 
tensile and compression anisotropy of magnesium alloys has been reported to 
occur as a result of the texture formation during thermo-mechanical 
processing. They have been shown to be of totally different nature for the 
same alloy due to the different possibilities of twinning activation [11, 12]. 
In this study, the tensile and compression anisotropy, as well as their 
asymmetry, are discussed. 
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5.2. Hardness and tensile properties of extruded alloys 
5.2.1. Hardness and tensile properties of extruded  AMX602 
alloy 
    The dependence of both hardness and tensile properties on the 
extrusion temperature is shown in Fig. 5.1 and 5.2. Generally, the higher the 
extrusion temperature, the lower the hardness, yield, and tensile strengths 
and the higher the elongation of extruded  AMX602 alloy. That can be 
attributed to the strain hardening that occurs during plastic deformation of 
the extrusion process, which is increased in the case of extrusion at lower 
temperatures. It is also shown from both figures that the extruded SWAP 
powder could show hardness and tensile properties uperior to that of cast 
billets while maintaining reasonable levels of elongation. This is due to the 
finer size of both grains and precipitated compounds of extruded SWAP 
powders compared to that of cast billets, as shown in chapter 4. The increase 
of the yield and tensile strengths of extruded SWAP powder via cold 
compaction have gain improvements of 68% and  44% over that of extruded 
cast billets, respectively. Surprisingly, this improvement in tensile and yield 
strengths are accompanied with levels of elongation for extruded SWAP 
powder specimens which are comparable to those of extruded cast ones. That 
indicates the remarkable ffect of powder metallurgy processing to improve 
the tensile properties of magnesium alloys compared to the conventional cast 
alloys. 
    These values of mechanical properties are superior to many other 
reported values of different alloys processed by severe warm working 
process [13] or by rapid solidification [14, 15]. The mechanical response of 
consolidated billets produced via SPS without extrusion is expected to be 
                           83
Fig. 5.1 Tensile strength (a), yield strength (b) and elongation (c) of extruded 
 AMX602 alloy SWAP powder and cast billets.
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Fig. 5.2 Hardness of extruded  AMX602 alloy SWAP powder and cast billets.
improved due to the effect of the strong bonding between primary powder 
particles as well as due to minimized grain growth compared to the 
conventional sintering [16]. However, the effect of SPS on the mechanical 
response of the extruded materials is less in this study as the extrusion 
temperatures are higher than the temperature in SPS and as it is compared 
only to that of cold compaction process in which no heating is used during 
consolidation. 
    As for the purpose of comparison and checking the effect of 
precipitation, the tensile properties of specimens consolidated and extruded 
at higher temperatures are shown in Table 5.1. The values are much lower 
than those SWAP powders extruded in the range of 573 to 673 K. They are 
comparable to the results of extruded cast billets reported herein or 
elsewhere [17]. This is due to the coarsened grain size of higher temperature 
extrusion. As it was shown in chapter 4, these specimens contained the same 
intermetallic ompounds, but with different morphologies. Different sizes of 
the precipitated  Al2Ca compound particles were detected and ranged from 
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about 0.3 microns and less (the order of grain size) to about 10 microns. 
These low values of tensile properties in the presence of the precipitated 
compounds recommended that the mechanism responsible for improving the 
strength in  AMX602 alloy is the refinement of both a-Mg grains and 
intermetallic ompound dispersoids rather than the compound precipitation 
itself. 
Table. 5.1 The tensile properties of cold compacted  AMX602 SWAP 
specimens extruded at higher temperatures 
 Extrusion temperature UTS [MPa] YS  [MPa] El. [%] 
793 K 365 283 16.6 
823 K 334 236 14.3 
    The tensile results of the extruded SWAP  AMX602 alloy powder 
suggest hat the strength of magnesium alloys can be effectively improved 
through grain refining. Only a slight decrease within extruded SWAP 
powder in the grain size by extrusion at lower temperature could lead to a 
drastic increase in the strength, as shown in Table 5.1. The same behavior 
could also be observed for extruded cast billet specimens. Plotting the yield 
strength versus (1 /  Aid), where "d" denotes the mean grain size, shows the 
effect of grain refinement on the strength of Mg-Al-Mn-Ca magnesium alloy, 
as shown in Fig. 5.3. The strengthening factor is shown to have the value of 
0.185 MPa  Aim, which corresponds well to the previously reported values 
(0.2  — 0.34 MPa  Aim) [4]. This value means that the use of SWAP process to 
produce  AMX602 powder alloy resulted in the improved mechanical 
properties through the effect of grain refinement. 
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     Fig. 5.3 Hall-Petch relationship of extruded  AMX602 alloy. 
    Fractography of the fractured tensile test specimens, as some examples 
are shown in Fig. 5.4, reveals no evidence of powder particle primary 
boundary separation, proving that sufficient bonding between powder 
particles cold be obtained at the extrusion temperatures used. Generally, the 
fracture surfaces of all the fractured specimens show dimple-fractured 
pattern as an indication for ductile fracture. However, the size of dimples 
varied slightly among different consolidation and extrusion conditions of 
SWAP powders having an average of 0.8 microns, and showed larger size 
for extruded cast billets with an average of 5 microns. It could also be 
evident that the coarse intermetallic compounds in the extruded cast alloy 
have fractured under tensile loading due to their lack of ductility, resulting in 
degradation rather than strengthening. In contrast, no sign of such fracture of 
intermetallic compounds could be noticed in the case of fine compounds of 
extruded SWAP powder specimens. 
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  Fig. 5.4 Fractography of tensile test samples of  AXM602 alloy SWAP 
powder cold compacted (a), SPS at 473 K (b) and cast (c) extruded at 673 K.
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5.2.2. Hardness and tensile properties of extruded ZAXE alloys 
    Figure 5.5 shows the dependence of tensile properties on the extrusion 
temperatures for both  ZAXE1711 and ZAXE1713 alloys. Similar to that of 
extruded AMX602 alloy, the higher the extrusion temperature, the lower the 
yield, and tensile strengths of extruded ZAXE alloys and the lower the 
elongation. That can be attributed to the strain hardening that occurs during 
plastic deformation of the extrusion process, which is increased in the case of 
extrusion at lower temperatures. Figure 5.5 also indicates that the extruded 
SWAP powders could show tensile properties uperior to that of cast billets, 
as the tensile strength for extruded cast materials had an average of 290 MPa 
and the yield strength ad an average of 195  MPa for both alloys while the 
tensile strength of extruded SWAP powder could reach 450 MPa. This is due 
to the finer size of both  a-Mg grains and precipitated compounds of extruded 
SWAP powder alloys compared to that of cast billet materials. The extruded 
SWAP powder of  ZAXE1711 has shown tensile properties that are much 
improved over that of SWAP powder of  ZAXE1713. That can be attributed 
to the coarsening of precipitated compounds for the latter as a result of the 
increased amount of La in ZAXE1713 alloy. It can also be shown from Fig. 
5.5 that the use of rapidly solidified SWAP Mg powders alloyed with La 
additions could lead to improved levels of tensile strength while maintaining 
promising values of elongation in the range of 13 to 20%. A good balance of 
high strength and enough elongation enables the investigated alloys 
produced using SWAP powder metallurgy to get more applications in 
automotive industry. It is even superior to, for example, rapidly solidified 
Mg-Zn-Ce-Ag alloy [18], powder metallurgy processed AZ91 alloy [19], and 
 AMX602 alloy [1]. It can also be shown that the extruded SWAP powder 
alloys have shown superior properties compared to that of extruded cast 
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Fig. 5.5 Tensile properties of extruded ZAXE alloys SWAP powder. Cold
compacted (a), SPS at 623 K (b) and cast billets.
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alloys. These results prove the competence of rapidly solidified powder 
metallurgy to improve the static mechanical properties of Mg alloys. 
    The effect of SPS on the mechanical response of the extruded 
materials in this study is minor, compared to cold compacted ones, as a result 
of the dominant dynamic recrystallization effect of the hot extrusion process. 
As a result of coarser intermetallic compound particles, SPS processed 
extrusions have shown lower tensile strength but slightly higher elongation 
than that of cold compacted ones. For the purpose of investigating the effect 
of SPS temperature on the properties of the extruded SWAP powders, the 
tensile properties of specimens SPS processed at 473 and 573 K were 
compared to that of samples SPS processed at 623 K and extruded at the 
same temperature of 573 K, as shown in Fig. 5.6. The results show that the 
tensile strength increased as the SPS temperature decreased. It increased 
from 420 to 450  MPa when the SPS temperature was decreased from 623 to 
473 K for ZAXE1711 alloy, and from 415 to 430 MPa for ZAXE1713 alloy. 
This is mainly due to the sizes of a-Mg grains and intermetallic compounds, 
which have been shown to decrease as the SPS temperature decreases. 
    The hardness of the extruded SWAP powders reveals a similar pattern 
to that of tensile properties, in which the hardness in increased as the 
extrusion temperature decreased, as shown in Fig. 5.7. Meanwhile, the 
hardness  values of the extruded SWAP powders are superior to that of 
extruded cast alloys, a trend that is also consistent with that of tensile 
properties. It can be also shown that the  ZAXE1711 alloy specimens attain 
hardness values higher than those of extruded  ZAXE1713 alloy ones, 
following the pattern of tensile properties. 
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Fig. 5.6 The tensile properties of ZAXE alloys extruded at 573 K as a 
             function of the SPS temperature.
Fig. 5.7 Hardness of extruded SWAP powder of ZAXE alloys.
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    By plotting the yield strength of both extruded SWAP powders and 
cast specimens of  ZAXE1711 and  ZAXE1713 alloys against their 
corresponding values of  (1/4d), where d is the mean grain size, according to 
Hall-Petch relationship, it becomes clear that grain refinement plays an 
important role in increasing the strength of both alloys, as shown in Fig. 5.8. 
The value of the strengthening factor "k" of 0.17 MPa  -\im is slightly lower 
than previously reported values of Mg alloys as that value includes data of 
both SWAP powders and cast alloys [4]. Excluding the data of extruded cast 
specimens from the figure brings the strengthening factor to the value of 0.2 
MPa  im, which falls in the same range of previously reported values. This 
means that yield strength of Mg alloys is well related to the grain size as 
exactly expressed by Hall-Petch relationship. 
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      Fig. 5.8 Hall Petch relationship of extruded ZAXE alloys. 
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    Similar to that of extruded  AMX602 alloy, the Fractography of the 
fractured tensile test specimens showed that sufficient bonding between 
powder particles could be obtained at the extrusion temperatures u ed, as no 
evidence of primary particle boundary separation was observed at the 
fracture surface, even for specimens extruded at 573 K, which was the lowest 
extrusion temperature, as shown in Fig. 5.9 (a) and (b). Generally, the 
fracture surface of all the fractured specimens howed dimpled pattern as an 
indication for ductile fracture. However, the size of dimples varied slightly 
among different consolidation and extrusion conditions of SWAP powders. It 
can also be shown from Fig. 5.9 (c) that the fracture of the brittle coarse 
intermetallic ompounds worked as initiation sites for micro-cracks, marked 
with an arrow in the figure, which have decreased the elongation of extruded 
cast specimens to the same level or less than that of extruded SWAP 
powders while having much lower values of yield and ultimate strengths. 
That fracture has been avoided in the case of extruded SWAP powders as a 
result of the small size of compound particles. The EDS analysis results of 
the fractured intermetallic ompound particles, shown in Fig. 5.10, revealed 
that this kind of fracture occurred in both  Al2Ca and  Ali  iLa3 compound 
particles, especially ones which have larger sizes. That finding supports the 
aforementioned claim that the strength of extruded magnesium alloys 
investigated herein has been modified through the refinement of both grains 
and intermetallic ompound particles. 
    The above results show that the strength of magnesium alloys can be 
improved through grain refinement. Only a slight decrease in the grain size 
by extrusion at lower temperature could lead to a drastic increase in the 
strength. The same behavior could also be observed when comparing 
extruded SWAP powder with extruded cast billet specimens. 
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 Fig. 5.9 Fractography of tensile test samples  of  ZAXE1711 alloy SWAP 
powder cold compacted (a), SPS at 623 K (b) and cast (c) extruded at 573 K.
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Fig. 5.10 EDS of fracture surface of tensile test specimen  of  ZAXE1711 cast 
                  alloy extruded at 573 K.
5.2.3. Hardness and tensile properties of extruded ZK61 alloy 
    The dependence of tensile properties on the extrusion temperatures is 
shown in Fig. 5.11. The higher extrusion temperature causes the lower yield 
and tensile strengths of extruded ZK61 alloy. That can be attributed to the 
strain hardening that occurs during plastic deformation of the extrusion 
process, which is increased in the case of extrusion at lower temperatures. 
This leads to the formation of finer microstructures that finally lead to the 
improved mechanical response. It can also be shown that specimens sintered 
at lower temperatures revealed better tensile properties compared with those 
sintered at higher temperatures. This can be attributed to the limited grain 
growth associated with SPS process at lower temperatures. It can also be 
shown from Figure 5.11 that the use of rapidly solidified atomized Mg 
powders could lead to improved levels of tensile strength while maintaining 
promisingly suitable values of elongation in the range of 10 to 22 %, except 
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Fig. 5.11 Tensile strength (a), yield strength (b) and elongation (c) of 
          extruded  ZK61 alloy atomized powder.
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for the specimen consolidated at 473 K and extruded at 523 K. This result 
shows that the consolidation conditions used for this specimen were not 
enough to produce good bonding between primary powder particles after 
extrusion. 
    The hardness values of the extruded  ZK61 alloy powder showed a 
decrease in the hardness as the extrusion temperature increased a behavior 
that is consistent with that of tensile properties, as shown in Figure 5.12. The 
effect of the sintering temperature on the hardness is almost the same as that 
of the extrusion temperature, in which the hardness is decreased as the SPS 
temperature is increased. 
    By plotting the yield strength against the inverse of the root of the 
grain size, as shown in Figure 5.13, the effect of grain refinement becomes 
clear on the tensile properties of the extruded ZK61 alloy, according to Hall-
Petch relationship. The strengthening factor in this case has the value of 
about 0.22  MPare  5, which is consistent to those previously reported as 0.17 
to 0.22 MPa  rn-0  5, and shows the promising effect of grain refinement on the 
tensile response of Mg-alloys [4].
Fig. 5.12 Hardness of extruded ZK61 alloy atomized powder.
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Fig. 5.13  Ha11-Petch relationship of extruded  ZK61 alloy atomized powder. 
    Fractography of the fractured tensile test specimens showed that 
sufficient bonding between raw powder particles could be obtained at the 
extrusion temperatures used, as no primary particle boundary was observed 
at the fracture surface, as shown in Figure 5.14. Generally, the fracture 
surface of all the fractured specimens after tensile test showed dimpled 
pattern as an indication of ductile fracture. However, the size of dimples 
varied slightly among different consolidation and extrusion conditions of 
atomized powders. However, other signs of brittleness could also be seen in 
terms of small microcracks. Those microcracks have hardly contributed to 
the final ductility as they did not coalesce with each others. The above 
micrographs of the fracture surfaces of tensile test specimens showed no 
explanation of the reduced ductility in the specimen of SPS at 473 K and 
extruded at 523 K. However, the  fracture macrograph showed clear sign of 
the lack of bonding between primary powder particles, as shown in Fig. 5.15. 
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 Fig. 5.14 Fractography of tensile test samples of ZK61 alloy atomized 
powder SPS at 673 and extruded at 673 K (a), 523 K (b), SPS at 473 K and 
            extruded at 673 K (c) and 523 K (d).
Fig. 5.15 Fracture macrograph of tensile test samples  of  ZK61 alloy 
     atomized powder SPS at 473 and extruded at 523 K.
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5.3. Anisotropy of extruded  AMX602 and ZAXE1711 alloys 
    The above mentioned tensile and hardness properties of the alloys 
investigated shows generally much improvement in the mechanical 
properties of magnesium alloys. However, it was of a great importance to 
characterize the anisotropy of the alloys for better understanding of their 
behaviors. Hence, the tensile test results at 0, 45 and  90° angles from the 
extrusion direction of both  AMX602 and  ZAXE1711 alloys, which were 
selected for this study, are shown in terms of the stress-strain plots in Fig. 
5.16. In order for that, bigger size extrusions of 25 x 40 mm rectangular 
cross-section extruded rods have been prepared to enable sampling in 
different sample orientations. It can be shown that the extruded  AMX602 
alloy SWAP powder specimen possesses higher values of yield and ultimate 
stresses while maintaining reasonable levels of ductility compared to that of 
extruded cast specimens. They are also superior to previously reported 
values of the strength of Mg alloys via conventional routes. However, these 
results are lower than those presented earlier in this chapter for smaller 
extrusions of 7 mm extruded bars of the same alloys. 
    Generally, both yield and ultimate strengths have decreased as the 
angle of the loading has increased from 0 to 45 and 90°. The elongation has 
also decreased simultaneously. However, the difference of both ultimate and 
yield strengths are much lower in the case of extruded SWAP powders than 
those for extruded cast billets. It could be shown from the figure that the 
extruded cast alloy shows more anisotropy than that of extruded SWAP 
powders in terms of wider difference in both yield strength and elongation at 
various directions, which is more noticeable for elongation levels. This could 
be linked to the signs of more randomized texture formation of extruded 
SWAP powders in terms of lower intensity of the (0001) basal plane, as 
shown in chapter 4. Also, comparing Figs. 5.16 (a) and (C) together shows 
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Fig. 5.16 Tensile stress-strain curves of large size extrusion rods (Extruded at 
673 K) of  AMX602 alloy SWAP powder(a), cast (b) and  ZAXE1711 alloy 
SWAP powder at various orientations with respect o the extrusion direction.
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the considerable decrease in anisotropy of  ZAXE1711 alloy than that of 
 AMX602 alloy in terms of less difference in properties at various directions. 
This also can be correlated to the reduced texture of the  ZAXE1711 alloy, as 
shown in the  EBSD patterns, compared to that of  AMX602 alloy as a result 
of the alloying with La element which improves texture randomization. The 
latter was shown in the  ZAXE1711 alloy through lower values of maximum 
intensity of the basal plane texture than that of  AMX602 alloy. This was also 
accompanied by higher values of the average Schmid factor of  ZAXE1711 
alloy than that of  AMX602 alloy. 
    This behavior has also occurred in compression, as shown in Fig. 5.17. 
However, both alloys have shown more strain hardening in the case of 
compression than that of tension. The extruded cast  AMX602 alloy has also 
shown more anisotropy than that of extruded SWAP powders. In contrast o 
the previously reported pattern of increasing the compression/tensile yield 
strengths' ratio with the angle, the investigated alloys SWAP powder has 
shown almost the same values of both tensile and compression yield 
strengths at all directions, with the ratio equals unity. This can be shown 
when comparing both Figs. 5.16 and 5.17 together. 
    It has been shown in previous reports that the Ca element has the 
effect of weakening of the texture of Mg alloys through the random 
nucleation of recrystallized grains due to the formation of intermetallic 
compounds [20]. This effect can also be observed in this study in terms of 
the decreased maximum intensity of the basal texture of the extruded SWAP 
powder specimen compared to that of extruded cast due to the fine 
distribution of intermetallic ompounds, which never occurred in the case of 
extruded cast alloy. Hence the decreased asymmetry of both tensile and 
compression results in various directions can be explained through the effect 
of randomized nucleation of recrystallized grains stimulated by compound 
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 Fig. 5.17 Compression stress-strain curves of large size extrusion rods 
 (Extruded at 673 K) of  AMX602 alloy SWAP powder(a), cast (b) and 
 ZAXE1711 alloy SWAP powder at various orientations with respect o the 
                     extrusion direction.
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particles. This claim may also be supported by the observation of the 
decreased tensile and compression strengths from 0 to 45°, and the similarity 
of both of 45 and  90° angle results, which can be correlated to orientation of 
the basal plane being randomized in both the normal and transverse 
directions. On the other hand, the tensile-compression isotropy shown in 
both alloys can be attributed to the remarkably refined grain sizes, as it has 
been previously shown that the fine grain size results in the difficulty of the 
activation of the twinning mechanism, which if activated results in the 
remarkable softening behavior during deformation in either tensile or 
compression directions based on the available texture [21, 22]. 
5.4. Summary and Conclusion 
    Rapidly solidifiedpowder metallurgy was applied to the fabrication of 
high strength and ductility of magnesium alloys. Their hardness, tensile and 
compression properties were investigated and correlated to both the 
microstructure and texture evolutions during thermo-mechanical processing. 
The following conclusions can be drawn from these results: 
  - High strength magnesium alloys could be fabricated by using the 
    combination of chemical alloying with various element combinations 
    and rapid solidification powder metallurgy processing,owing to their 
    advantages of grain refinement and homogeneous dispersion of fine 
    intermetallic ompound particles. 
  - Higher strength of magnesium alloys can be obtained by lower 
    temperature extrusions provided that enough bonding between powder 
    particles can be attained at the conditions used. 
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- Grain refinement could be shown of a great effect to improve the 
  strength of magnesium alloys. 
- The tensile strength value of up to 450 MPa for cold compacted 
 ZAXE1711 alloy powder extruded at 573 K is an excellent example 
  for the improvement of mechanical properties of Mg alloys, especially 
  with maintaining an elongation value of 17 %. 
- For ZAXE alloy , A La content of 1.5 wt.% could lead to improved 
  mechanical properties compared to that of 3.3 wt.% as a result of the 
  good balance between the effects on grain refinement and precipitated 
  compound formation. 
- The extruded SWAP powders of magnesium alloys show superior 
  anisotropy to those of extruded cast alloys due to the effects of 
  randomized texture formation and extensive grain refinement. 
- Alloying with La can further improve the anisotropy of magnesium 
  alloys through its effects of fine particle stimulated nucleation of 
  randomized textured grains. 
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Chapter 6 Fracture toughness characterization of 
extruded magnesium alloys 
    In this chapter, the fracture toughness of magnesium alloys produced 
using rapid solidification powder metallurgy route has been investigated . 
according to both ASTM E399 and ASTM E 1820 standards. In chapters 3 to 
5, it was clarified that  AMX602 alloy has shown promisingly high tensile 
properties. Hence, it was needed to characterize its fracture toughness 
properties; whish was strongly required in its application to structural 
components. While the plane strain fracture toughness test yielded non valid 
values, the crack tip opening displacement that was evaluated for the alloy 
has shown values of fracture toughness comparable to other conventional 
magnesium alloys, and even superior in some cases. 
6.1. Introduction 
    The tensile and compression properties of magnesium alloys have 
been extensively studied in numerous references  [1-10], as shown in 
previous chapters. However, there is no enough work has been dedicated for 
studying the fracture toughness of magnesium alloys. This lack of previous 
studies occurs despite the increasing importance of characterizing the 
fracture toughness of various materials when introducing them as a design 
solution for different applications. A few articles have discussed the fracture 
toughness of magnesium alloys, with their emphasis on the evaluation of 
both the plane strain fracture toughness  (KID) and the crack tip opening 
displacement  (CTOD] fracture parameters [11-20]. Very limited number of 
references has used the standard test methods for the evaluation of fracture 
toughness parameters, while others used the stretch zone analysis technique 
as a result of the difficulty of obtaining valid results for magnesium alloys 
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using reasonable specimen sizes  [11]. In a rare example of  fully using the 
ASTM E 399 standard [21], the fracture toughness of AZ91 cast alloy has 
been investigated in terms of both  K1c and Jic fracture parameters. A valid 
 K, value could be obtained for a thickness of 110 mm, and its value has 
been 21.7 MPa  m112. On the other hand, many references have reported 
various values of  Kw of magnesium alloys based on the stretch zone analysis 
with their emphasis on the effects of grain refinement, compound particle 
distribution and texture [12-20]. The fracture toughness of extruded pure 
magnesium depended on its grain size, with the value of  K1c ranging from 
12.7 to 17.8 MPa  m"2 [12]. Fracture toughness of extruded Mg-Zn alloy has 
also been shown to improve as a result of the solid solution strengthening 
with higher values of  Kic of 21.2 to 23.7 MPa  m112 [13]. Fracture toughness 
of  AZ31 alloy has also been extensively investigated and was found, in both 
its extruded and rolled forms, to improve when the crack plane is normal to 
the extrusion or rolling directions [14-16]. Similar to that of the above 
mentioned pure magnesium, the trend of improving the fracture toughness of 
extruded  AZ31 alloy has also been reported, but with higher values of  Kw of 
22.7 to 24.9 MPa  M112 [17]. Equal channel angular extrusion has been shown 
to increase the fracture toughness of  AZ31 alloy through its effects of both 
grain refinement and controlling the texture by inclining the basal plane to 
the processing angle [18]. Intermetallic ompound particles dispersion has 
also been reported to improve the fracture toughness of various magnesium 
alloys, along with grain refinement, containing both Zn-Y and Ca-Zn 
alloying element combinations  [19, 20]. However, the compound particles 
have also been reported to degrade the fracture toughness of  AZ61 alloy 
when they tend to form micro voids during crack propagation, with  Kic 
values ranging from 11.4 MPa  M112 to 16.1 MPa  M112 [19]. 
    Previously, the  AMX602 alloy produced using rapidly solidified 
powder metallurgy has been shown to have very promising tensile properties, 
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as shown in chapters 3 to 5. Hence, this study is dedicated to the 
investigation of the fracture toughness of the above mentioned alloy using 
the standard ASTM procedure, as an effort for providing sufficient 
information about the mechanical performance of that alloy. The effect of 
rapid solidification process on the fracture toughness of extruded SWAP 
powder has been investigated comparing to that of extruded cast billet. The 
size of the extruded rods was much bigger in this study to allow the 
machining of the large fracture toughness test specimens, as well as to 
investigate the performance of the extruded alloy at more practical scales. 
6.2. Experimental procedure 
    Extruded  AMX602 alloy powder material, produced using spinning 
water atomization process (SWAP), was investigated and compared to that 
of extruded cast billet. That alloy was previously introduced and shown to 
have good tensile properties, as shown in chapters 3 to 5 and in other 
references [1, 4]. However, the focus of this study is on its fracture 
toughness evaluation. The large sized bars of 25 x 40 mm rectangular cross-
sections have been obtained by extruding both cold compacted SWAP 
powders and cast billets at various temperatures. From those extruded bars, 
the three-point bending test specimens used for fracture toughness tests were 
machined. This size of extrusion rod has been also used for obtaining the 
tensile and compression test specimens of different orientations, as shown in 
chapter 5. Fracture toughness tests were performed at room temperature on 
3-point bending test specimens, having straight hrough notch, according to 
both ASTM E 399 and ASTM  E 1820 standards [21, 22]. The thickness, 
width and span of the specimens were 8, 16, and 64 mm respectively, while 
the total length was 68 mm, as illustrated in Fig. 6.1. The specimens were 
machined from the extruded bars so that the plane of the machined notch is 
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normal to the extrusion direction. The integral knife edges were set up at the 
crack mouth to enable the use of a double cantilever clip-in displacement 
gage to measure the crack opening displacement (COD) during test. Fatigue 
pre-crack was developed in the specimens using a sinusoidal oading with 
the maximum load of 900 N, load ratio of 0.1 and a frequency of 20 cps 
using a servo-hydraulic axial fatigue testing machine (Shimadzu: 
Servopulser  El  OOKN). The ratio of the fatigue pre-crack length to the 
specimen width was set to 0.5 for all specimens. The final fracture stage of 
the fracture toughness test was carried out using stroke control on the above 
mentioned tensile testing machine with the loading rate of 0.0125  mm/s, 
which corresponds to the rate of increase of stress intensity factor of 0.75 
 MPa  m1/2 /s  [21]. The pre-cracked specimens were loaded in bending with 
slow rate using displacement control mode until they could sustain no further 
increase in load. The load was recorded against the COD during test. The 
final fracture of the specimens was then performed after cooling with liquid 
nitrogen to allow for brittle fracture with no further deformation. The 
fracture surfaces of specimens were then evaluated and the fatigue precrack 
measurements were performed at relevant positions. Details of test procedure 
and equations used to calculate the fracture parameters can be seen in the 
relevant ASTM E 399 and ASTM  E 1820 standards. Three specimens for 
each condition were machined to be used for calculating an average. 
      68  
        71: 
  _10_3 
               Extrusion direction  42  [  Thickness  =  8  mm     itn  
        Fig. 6.1 fracture toughness 3-point bending specimen. 
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6.3. Results and discussion 
    The tensile and fracture toughness parameters results of extruded 
 AMX602 alloy are listed in Table 6.1. It can be noticed that the tensile 
properties are remarkably different from those previously reported for the 
same alloy when extruded to small size bars (7 mm diameter ods), as shown 
in chapter 5. The tensile and yield strengths are lower and the elongation is 
higher in the case of bigger size extrusions. The load-COD records of 3-point 
bending fracture toughness test specimens of cold-compacted  AMX602 alloy 
powder extruded at 573, 623, and 673 K as well as cast billet extruded at 673 
K are shown in Fig. 6.2. Although the extruded cast billet has shown very 
similar elongation value to that of extruded SWAP powder in the case of 
tensile test, it has shown much broader curve in the case of pre-cracked 
specimens. This is due to the difference in the local yielding phenomena 
between both, as it could be seen that the yield strength and the ratio of yield 
strength to ultimate strength of extruded cast billet are much lower than that 
of extruded SWAP powder, as shown in Table 6.1. According to ASTM  E 
399 standard, a secant line was drawn with its slope equal to 95% of the 
slope of the initial portion of the record, and both PQ and  P. were 
determined for each condition. Accordingly, KQ values were also calculated 
based on the appropriate quation. The ratio of Pmax PQ has exceeded 1.1 for 
all cases, and hence, no valid  K1c value could be obtained [21]. The reason is 
that the dimensions of the test specimens do not enable obtaining valid  KIc 
values for that alloy given its above mentioned elongation levels as a sign of 
its remarkable ductility. Although these values of KQ are not valid  K1c values, 
they are still comparable to those previously reported for magnesium alloys 
in various conditions [11-20]. Apart from the ratio of Pmax PQ exceeding 1.1, 
all the other validation criteria were passed by all specimens. Most of these 
validation criteria are based on the pattern of fatigue pre-crack configuration. 
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Figure 6.3 indicates that the crack propagation was sufficiently parallel to the 
machined notch, and that no remarkable difference of the crack lengths in the 
center and at the edges of the specimens. It is also noted that extruded SWAP 
powder specimen showed much wider shear lips on the sides of the specimen 
than that of extruded cast billet, a sign for higher ductility in the extruded 
SWAP powder.
Table 6.1 Tensile and fracture toughness properties of extruded  AMX602 









  CTOD 




SWAP extruded at 
   573K
373 339 17.4 17.5 58 44.6
SWAP extruded at 
 623K
362 305 19.5 15.0 45 40.3
SWAP extruded at 
   673K
359 281 15.1 16.0 46 38.2
cast extruded at 
   673K
277 203 16.3 11.2 48 38.6
Fig. 6.2 Load versus crack opening displacement record for fracture 
          toughness 3-point bending test samples.
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 Fig. 6.3 Macrographs for fracture surfaces for fracture toughness 3-point 
bending test samples extruded at 673 K for both SWAP powder (a) and cast 
                    billet (b).
    The need for another fracture parameter that suits materials with 
higher plasticity, hence, arose. The crack tip opening displacement (CTOD) 
was then calculated, according to ASTM E 1820 standard  [22], based on the 
same available experimental data obtained for  Kw test. The values of CTOD 
obtained for the tested conditions are also listed in Table 6.1. These values 
are higher than those of the previous reports of magnesium alloys, in which 
the CTOD values had an average of 19  !Am for rolled  AZ31 alloy [16] and 11 
  for extruded AZ61 alloy [23], although obtained using the stretch zone 
analysis technique. Based on the CTOD values shown in Table 1 and using 
the equation of relating  Km to CTOD values [16], the  Kic values for the Mg-
Al-Mn-Ca alloy were obtained and listed in the table. They had much higher 
values than most of those previously reported for the magnesium alloys  [11-
20]. 
    Fractography of the tensile test specimens revealed that the ductile 
fracture occurred with dimpled pattern clearly observed specially for 
extruded SWAP powders, as shown in Fig. 6.4 (a). More enlarged 
observation image indicated that the dimples had the comparable sizes to
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     Fig. 6.4 Micrographs of fracture surface of tensile test samples: 
         a- SWAP extruded at 673 K lower magnification.
         b- SWAP extruded at 673 K higher magnification. 
  c- cast billet extruded at 673 K showing micro-cracks emanating from 
                 fractured compound particles. 
d- cast billet extruded at 673 K showing minor fractured compound particles.
that of the grain sizes reported herein, as shown in Fig. 6.4 (b). The extruded 
cast billet, however, showed signs of local brittleness occurring randomly on 
the fracture surface. The larger sizes of the compound particles resulted in 
micro-cracks emanating from the fractured particles, as shown in Fig. 6.4 (c), 
which could not sustain the increased local strains due to the large difference 
in ductility between compound particles and the matrix. Dispersed  particles 
with lower sizes, like ones shown in Fig. 6.4 (d), have either shown no 
micro-cracks when fractured or even not fracture at all. These observations 
were consistent with those previously reported for magnesium alloys [24].
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Figure 6.5 showed the morphology of both  Al,Ca and  AI6Mn compound 
particles existing on the fracture surfaces. It could also be noted that the 
morphology of the particles played a vital role in the determination of their 
susceptibility to fracture in which round shaped particles  (A16Mn) have 
shown less possibility of fracture than that of irregular shaped ones  (Al2Ca). 
These results suggested that the rapid solidification powder metallurgy route 
could result in the remarkable improvement of the performance of the 
magnesium alloy containing very fine and round shaped compounds as 
shown in chapter 4.
Fig. 6.5 EDS analysis of the fracture surface of tensile test specimen of cast 
billet extruded at 673 K showing both Al-Mn (a) and Al-Ca (b) compound 
                         particles.
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6.4. Summary and Conclusions 
    The fracture toughness of extruded  AMX602 alloy produced using 
rapid solidification powder metallurgy route has been investigated according 
to both ASTM E399 and ASTM E 1820 standards. The effects of grain size 
and intermetallic compound morphology on  KID were evaluated by 
comparing to the extruded  AMX602 cast alloy with coarse microstructures. 
The following conclusions were obtained in this chapter: 
  - The rapid solidification powder metallurgy route could result in the 
    remarkable improvement of the fracture toughness of magnesium 
    alloy containing very fine and round shaped compounds 
  - Very large sizes for fracture toughness testspecimens were necessary 
    to obtain valid plane strain fracture toughness  (KID) values for 
    magnesium alloys according to ASTM E399 standard, dependingon 
    their strength and toughness, which reaches about 110 mm as a 
    minimum level in some cases  [11]  .
  - The  AMX602 alloy showed values of fracture toughness that are 
    comparable to that of other magnesium alloys, while maintaining 
    superior tensile properties. 
  - The crack tip opening displacement parameter (CTOD), as per ASTM 
 E  1  820 standard, can be used to evaluate the fracture toughness of 
    magnesium alloys. 
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Chapter 7 Ballistic impact of extruded magnesium 
alloys: Experimental and simulation study 
    In this chapter, the experimental investigations, as well as the FEM 
simulation results, of the ballistic impact properties of hot extruded  AMX602 
alloy powder were presented to study the dynamic response of magnesium 
alloys. A user-defined FEM material model which imitates the mechanical 
characteristics of magnesium alloys based on anisotropic Hill function was 
developed, verified and then used for the dynamic simulation. 
7.1. Introduction 
    The static mechanical properties such as tensile, compression and 
fracture toughness, of magnesium alloys have been extensively studied in 
numerous references, as well as in previous chapters. It has been shown 
previously that the powder metallurgy processing has resulted in improved 
mechanical properties of magnesium alloys due to their fine microstructures. 
Hence, the need for studying the dynamic performances of the magnesium 
alloys fabricated by using rapid solidification powder metallurgy has arisen, 
as it could open a wider market for magnesium alloys. On the other hand, the 
simulation of the ballistic impact test was needed to be able to predict the 
dynamic response of the extruded Mg alloy. After performing some 
simulation trials using LS-DYNA software, it became clear that it was 
necessary to develop a sound material model that can precisely imitate the 
mechanical response of the alloys. 
    Previously, the use of coupled experimental and FEM simulation 
techniques has been proven crucial to evaluate the local stresses and strains 
precisely  [1-4]. The importance of this technique arises from the limitation 
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of the experimental measurements to the global information like forces and 
displacements  [1]. Although some precise measurement devices can give 
more information about local parameters like the strain, those measurements 
are also limited to specific positions where such devices are attached, like 
strain gages. The necking stage in a steel specimen has been locally studied 
using the same technique, which shows its applicability in predicting the 
large deformations [2, 3]. It was also applied to investigate the copper 
specimens with a large strain range deformation, and proved good 
accordance with the experimental results [4]. On the other hand, the 
simulation of tensile test was also used to predict the necking behavior 
development in the tensile test specimen precisely [5]. Even tests other than 
tensile have also been coupled with the simulation results to evaluate the 
constitutive tensile behavior, in terms of stress-strain curves, like the small 
punch test [6, 7]. Hence, it is proposed in this study to use that technique for 
evaluating the mechanical performance of magnesium alloys. 
    Despite the lack of available data with high reliability on the dynamic 
response of magnesium alloys, the ballistic impact testing has been used for 
the evaluation of the dynamic behavior of alloys and structures under high 
velocities over a range of specimen configurations  [8-11]. The fracture 
behavior was the main emphasis in some of the previous works with various 
types of projectile configurations [8, 9]. The effect of ballistic impact on the 
deformed microstructure was also studied for  AM6OB magnesium alloy at 
hyper-velocities  [10]  . 
    For the purpose of simulation of the dynamic response of the 
 AMX602 alloy, the material models available in the LS-DYNA softwarethat 
have a potential to represent the alloy have been employed. Most of these 
models are based on the isotropic Mises yield function [12]. However, the 
alloy characteristics like the anisotropy and the strain rate effect have 
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resulted in the importance of developing a better representative material 
model, which can take into consideration the most important characteristics 
of the alloy. 
    The user defined material model subroutine that was previously 
developed based on the anisotropic Hill function has been selected for that 
purpose [13]. An optimization methodology has been used to obtain the 
material model parameters precisely by using the experimental and 
simulation results of both the tensile and compression tests. Due to the 
similarity of nature of input and output parameters in both tensile and 
compression tests, the material model has been verified using the comparison 
of the experimental and simulation results of bending test. Finally, the 
simulation of the ballistic impact test was carried out, and both the 
experimental and FEM results were compared together for the evaluation of 
the reliability of the material model. 
7.2. Experimental procedure 
     The tensile and compression tests were performed for specimens 
oriented at 0, 45, and  90° angles with the extrusion direction of both 
 AMX602 and  ZAXE1711 alloy powder materials extruded at 623 K. The 
specimens' configurations were the same as those previously shown in 
chapter 5. Moreover, the bending test specimens, shown in Fig. 7.1, have 
also been obtained with the same orientations like that of tensile and 
compression specimens. The bending test was carried out on the universal 
testing machine, used for tensile and compression tests, using a stroke 
control with the loading speed of 0.45  mm/s. 
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 Fig. 7.1 Bending test specimen configuration, with the loading punch and 
                       support rollers. 
    The ballistic impact test was carried out by launching a stainless steel 
ball of 6 mm diameter against the magnesium disc specimen of 38 mm 
diameter and 3 mm thickness with the average speed of 140  m/s., as shown 
in Fig. 7.2. The compressed air is used to launch the ball with high speed 
into the directing tube, and then to the specimen. The speed of the ball was 
measured using an optical speedometer ahead of the specimen. After the test, 
the response of the specimen was evaluated by measuring the front surface 
indentation and the back surface protrusion caused by the ball strike.
Fig. 7.2 Ballistic impact test configuration and the specimen support stand. 
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    The simulations of the aforementioned tests have been carried out by 
using LS-DYNA software when embedding auser defined material model as 
a subroutine in the program. That model was previously developed by N. Ma 
[13] based on the anisotropic Hill yield function which was defined by the 
following equation 
VF(0-22  —  Cr  33  )2  G(633  -  )2  +  -  (722  )2 +2L6232  +  2M0-31  2  ±  2N612  2 = 6y 
where, F, G, H, L, M, N are coefficients which can be determined by 6 initial 
yield stresses  ayii,  6y22,  6Y33,  6Y12,  6Y23, and  6y31 using following Equation 
(2). 
F 
2  R  v„  )2  av,.  )2  1], G = 2  [(aYll  + (6v „                                  )2]    Y22 Y33 y33Y22 
    a22I
, H = —1[1+ (1 )—()aYll 
    2aY22Y33 
                                                  0- 
L =12(aYll  )2,=(o-Yll )2 N =Yll )2 
    Cy232CfY312aY12 
Those initial yield stresses represent the variation of the yield stress among 
different directions. If  F=G=H=1/2 and  L=M=N=3/2, the yield function is 
just the same with isotropic Misses yield function. Fig. 7.3 shows the initial 
yield surfaces if the ratio  cryiii  6y22 of yield stress  6\91 in extrusion direction 
and yield stress  6y22 in transverse direction is assumed to be 1.0, 2.0, 3.0, 4.0, 
respectively. Increasing this ratio moves the yield surface to areas of 
anisotropy behavior. As it will be shown later in this chapter that the strength 
of this alloy shows strong dependence onthe strain rate, it is also important 
to be considered inthis material model. Figure 7.4 shows the availability of 
this material model to consider the strain rate effect on both the tensile and 
compression stress-strain behaviors. Independent input curves can be 
assigned for tensile and compression sides separately as shown in the figure. 
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Fig. 7.3 Initial yield surfaces of the developed material model at various 
                yield stress ratios [13].
Fig. 7.4 Independent s ress-strain curves for tension and compression at 
               different strain rates  [14].
127
In other words, the effects of strain rate on Young's modulus, plastic work 
hardening and fracture strains are also included in the simulation by this 
material model. 
    Using the preliminary simulation trials, it could be inferred that a 
precise methodology for optimizing the material input parameters (true 
stress-true plastic strain data) is needed. Hence, the flaw chart shown in Fig. 
7.5 has been performed in which the tensile and compression simulations 
were used for optimization. The experimental load-displacement curves were 
first obtained from both experiments, and then, modified as true stress-true 
plastic strain data points that were next input as material model parameters. 
The simulation load-displacement resultant curves were later obtained and 
compared to those of the experimental results. When needed, the 
modification of the stress-strain data was performed until a good agreement 
was obtained between experimental nd simulation results. 
                                 = 
 >= s+ A 5i :iteration step  
:  displacement 
                     ei =  ln(1  +  8,  /  L)                            L : length
 e  :true strain 
 > (6,tlY 
 o :true stress 
                  ID-
            <  Er = F— FFfem:.force by FEM 
        fernexp 
                      4' Fexp:force  by  EXP 
             N Er < tolEr :error 
                               tol  :tolorance
              Y  
 (£i61) 
                        End 
 Fig. 7.5 Flow chart showing the optimization procedure used to adjust he 
                   material model parameters. 
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    The tensile and compression models used for simulation are illustrated 
in Fig. 7.6. In both models, 2-dimensional axi-symmetric shell elements 
were used, with one fourth of the tensile test model and a half of the 
compression test model due to their symmetry. On the other hand, the  3- 
dimensinal brick elements were used to model the bending test specimen that 
is used for the simulation to verify the proposed optimization methodology 
and material model. The loading punch and support rollers were modeled 
using shell elements. In all the aforementioned simulations, the loadings of 
the specimens have been done by applying a time-displacement curves. 
    The 3-dimentional model for the ballistic impact test simulation, 
however, is shown in Fig. 7.7. Explicit analysis has been employed with the 
application of the newly developed material model. The steel ball projectile 
was launched against he magnesium plate using an initial velocity of 140 
 m/s, like the one used in ballistic experiments. In this simulation, a vibration 
damping coefficient, based on previous experience with dynamic simulation, 
has been set.
Fig. 7.6 Tensile, compression and bending test models used for  simulation, 







Fig. 7.7 Ballistic impact test model showing the mesh division of the 
         specimen, support plates and the strike ball.
7.3. Results and discussion
7.3.1. Experimental test results 
    The tensile and compression results of the  AMX602 alloy extruded 
SWAP powder has been previously shown in  chapter 5, and summarized in 
load-displacement curves in Fig. 7.8. The difference of the tensile and 
compression results at different orientations shows the importance of 
considering the anisotropy in the material model. The strain rate effect was 
also investigated and the results of tensile tests at various loading speeds, 
from 0.5 to 500  mm/s, are shown in Fig. 7.9. It can be shown that the 
increase in the strain rate results in a slight increase in both yield and tensile 
strengths, but a drastic decrease in the elongation-to-failure of the extruded
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 AMX602 alloy SWAP powder. These results also show the importance of 
considering the strain rate effects in the material model.
Fig. 7.8 Experimental load-displacement results of tensile and compression 
             tests at various specimen orientations.
Fig. 7.9 Strain rate effect on the tensile properties of the extruded alloy. 
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    Bending tests were also performed for the purpose of providing a 
verification basis of the proposed optimization methodology and the material 
model. The results of bending tests at various specimen orientations are 
shown in Fig. 7.10. The load-displacement curves obtained for specimens 
with 0, 45 and  90° orientations are shown with a behavior more similar to 
that of tensile test, than that of compression test. This is due to the fact that 
the fracture usually occurs in the tension side of bending specimens. 
    The ballistic impact tests have been performed on extruded  AMX602 
SWAP powder specimens, and the deformation of the specimen after test is 
shown in Fig. 7.11. The front side indentation and the back side protrusion 
diameters were 4.20 mm and 0.48 mm, respectively. Cracking occurred at 
the back side of the specimen, which was the tension side. However, the ball 
could not pass through the specimen. Even at that extremely high strain rate, 
the extruded  AMX602 alloy SWAP powder has proven enough toughness 
which could survive that severe condition. These results indicate that the 
magnesium alloys via powder metallurgy route can provide a potential 
solution for light weight dynamic applications like automobile and airplanes.
Fig. 7.10 Load-displacement curves of experimental bending tests at various 
                    specimen orientations.
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Fig. 7.11 The deformation of ballistic impact test specimen.
7.3.2. Simulation results and comparison with experimental 
ones 
    The simulations of various tests have been performed for different 
purposes as previously shown. The tensile and compression simulations were 
carried out to identify the mechanical properties of the alloy within the 
proposed optimization procedure shown in Fig. 7.5. The inputs for both the 
tensile and compression simulations were the load-displacement curves 
shown in Fig. 7.8, but after being modified as true stress-true plastic strain 
curves, as shown in Fig. 7.12. Those curves were then provided as discrete 
input points for simulation which showed the plastic behavior of the alloy. 
The results of those simulations are shown in Fig. 7.13 in terms of the 
effective stress distribution plots in both tensile and compression specimens. 
The specimen behaviors during tests were well imitated in the simulations 
using the proposed model. The necking stage has also occurred in the 
simulation based on the actual loading conditions. The resultant load-
displacement curves obtained from simulations, after being optimized 
according to the procedure shown in Fig. 7.5, were then compared to those 
of experimental results, as shown in Fig. 7.14. Both the simulation and 
experimental results coincide to each other. This means that the proposed 
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material model and methodology for optimization have yielded good 
agreement between both FEM and experimental results.
Fig. 7.12 True stress-true strain plots used as inputs for simulations.
Fig. 7.13 Simulation results showing the effective stress distribution in 
      tensile (a) and compression (b) test specimens. 
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Fig. 7.14 Comparison between experimental and FEM results of tensile and 
                      compression tests.
    The proposed model could be verified by performing the bending test 
simulation, which, unlike the tension and compression simulations, provide 
input and output data of different nature. While the inputs are based on 
tensile and compression properties, the output load-displacement curves at 
the load line of the experimental bending tests are obtained and compared to 
the simulation results. The deformed shape of the specimen and the plot of 
effective stress are shown in Fig. 7.15. The comparison of both experimental 
and FEM results of the bending test have also shown good agreement for all 
specimen orientations, as shown in Fig. 7.16. The experimental and FEM 
results show a near-coincidence to each other. These results show that the 
proposed model provides sound prediction of the alloy behaviors under 
different conditions.
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Fig. 7.15 Deformed shape with the effective stress distribution of the 
                bending test specimen.
Fig. 7.16 Comparison between experimental nd FEM results of the bending 
                               test. 
    The deformed shape and the plastic strain distribution plot for the 
ballistic impact test specimen are shown in Fig. 7.17. The deformation of the 
specimen is precisely similar to that of the experimental results in Fig. 7.11. 
The deformation parameters, in terms of the front side indentation diameter 
(dl) and depth  (zl) and the back side protrusion diameter (d2) were then 
evaluated from the simulation results. The comparisons of those parameters 
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with those of the simulation using LS-DYNA material model (Mat. 124), as 
well as of experimental results are provided in Table 7.1.
Fig. 7.17 The  deformed shapes and the plastic strain distributions of the 
ballistic impact test specimen in the full model (a) and after  hiding, the ball 




after ballistic impact test
d FEM results of deformation parameters of
 dl  imml zl  [mm] d2 [mm]
Experimental results 4.20 0.90 0.48
FEM results using Mat. 124 3.40 0.50 0.20
FEM results using the developed
material model
/CU 4.25 0.80 0.52
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    The comparisons of the results show that the developed material 
model has resulted in a good comparison to that of the experimental results. 
It is clear from the table that the developed material model provides much 
better accuracy of the simulation results in terms of closer values of the 
deformation parameters than those of the material model Mat. 124. This 
proves the efficiency of the developed material model for predicting the 
alloy behaviors in different conditions, including static and dynamic 
conditions, precisely. 
Summary and Conclusion 
    Mainly, theballistic impact properties of the  AMX602 alloy powder 
extruded at 623 K has been investigated and simulated using a newly 
developed material model. The parameters of that model have been 
optimized using tensile and compression simulations, and then verified using 
bending simulation. Evaluation of the simulation models have been done by 
comparing their results to those of the experimental ones. The following 
conclusions were obtained: 
  - The proposed methodology could estimate the global plastic 
    deformation parameters (true stress and true plastic strain) precisely 
    based on force-displacement curves. 
  - The developed material model could effectively imitate the 
    mechanical behavior of the alloy at different loading conditions. 
  - The anisotropy of the alloy was considered by using the proposed 
    material model which is based on Hill anisotropic yield function. 
  - Verification of the model showed a good agreement between 
    experimental nd FEM results in bending simulation. 
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- The ballistic impact test of the extruded alloy indicated a good 
  performance under such severe loading condition. 
- The alloy behavior under ballistic impact loading was accurately 
  predicted using simulation based on the developed material model, 
  which showed better comparison with the experimental results than 
  that of LS-DYNA embedded material model (Mat. 124). 
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Chapter 8 Summary 
    This research studyhas focused on the development of magnesium 
alloys which have a potential for increased structural applications through 
the use of the rapid solidification powder metallurgy processing. Specifically, 
alloys including  AMX602,  ZAXE1711, ZAXE1713 and ZK61 have been 
fabricated by hot extrusion of atomized powders. Improved performances 
could be obtained for these alloys when produced via powder metallurgy 
compared to their cast form. They were even proven superior to other Mg 
alloys and to the same Mg alloys fabricated by using the conventional 
powder metallurgy route. 
    The spinningwater atomization process (SWAP) used to produce the 
 AMX602 and ZAXE alloys and the gas atomization process used to produce 
the  ZK61 alloy have resulted in relatively coarse powders with very fine 
microstructures. Moreover, the high solidification rate of these processes has 
also enabled the supersaturation f the alloying elements uch as Mn, Ca and 
La. These microstructures were much finer than those of the alloys in their 
cast form, which showed much coarser a-Mg grain sizes and intermetallic 
compound particles. 
    The extruded magnesium alloys have shown the evolution of 
favorable microstructures which contain fine a-Mg grains and intermetallic 
compounds. The fine grain sizes of the extruded powders have shown values 
that were as low as 0.3  [tm. The main reason for these microstructures was 
the powder metallurgy processing of fine magnesium powders that resulted 
in the dynamic recrystallization into further finer grains, promoted by the 
formation of finely dispersed compound particles. These fine microstructures 
have usually been aimed because they provide good mechanical properties 
through the increase of the yield strength with the grain refinement, 
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according to Hall-Petch relationship. Furthermore, intermetallic ompound 
strengthening obtained from the homogeneously dispersed fine particles 
effectively promoted the alloy resistance to grain boundary sliding. The latter 
effect could also be supported through the proper selection of alloying 
element combinations, including Al-Ca, Al-Ca-La, and Zn-Zr. 
    Another important fruit of the extrusion of Mg-alloys rapidly atomized 
powders was the evolution of more randomized texture compared to that of 
extruded cast billets. The electron back scattered patterns (EBSD) have 
shown less intensity for the basal plane [0001] texture of the extruded SWAP 
powders. The incomplete dynamic recrystallization, which occurred mainly 
in extruded cast billets, has been shown as a major reason for the increased 
texture intensity of the basal plane due to the strong orientation of the 
deformed grains compared to that of recrystallized ones. The grain 
refinement and the homogeneous dispersion of fine compound particles have 
supported the evolution of such randomized textures. 
    The aforementioned microstructureand texture evolutions have 
resulted in obtaining excellent ensile, compression and hardness properties 
of Mg alloys fabricated by hot extrusion of the atomized powders. The 
extrusion temperature has been shown to affect the properties of the extruded 
Mg-alloys considerably. The yield and tensile strengths have increased, and 
the elongation has decreased when the extrusion was performed at lower 
temperatures. This effect has dominated that of consolidation conditions, i.e. 
both the cold compaction and the spark plasma sintering have yielded similar 
properties to each other. The alloys in this study have shown high tensile 
strength, which reached the level of 450 MPa for the ZAXE1711 alloy 
SWAP powder extruded at 573 K, while maintaining an elongation level of 
17 %. Such properties are superior to other Mg alloys and conventional Al 
alloys. They are even comparable to the tensile properties of some steel 
                           143
alloys, the engineering parts of which are more than four times heavier than 
those of magnesium alloys, due to the difference in densities. 
    By investigating both the tensile and compression properties at various 
specimen orientations, it could be confirmed that the randomized texture 
evolution of extruded SWAP powders of Mg alloys have resulted in a 
remarkable decrease in their anisotropy, especially compared to those of 
extruded cast billets. The yield strengths of both tensile and compression 
loadings of extruded SWAP powders have shown closer values to each other 
at various specimen orientations.  ZAXE1711 alloy has shown further 
decrease of the anisotropy compared to that of  AMX602 alloy, which was 
revealed to be due to the encouragement of the texture randomization 
through the presence of the rare earth La element. The latter effect has been 
previously reported to occur by the formation of the transverse component of 
texture. 
    To provide more information on the mechanical performance of Mg 
alloys, the plane strain fracture toughness  (KID) of extruded  AMX602 alloy 
has been studied, as it is becoming more important to provide such 
information for alloys used in structural applications. It has been shown that 
no valid  Kk value could be obtained using the available specimen sizes, as 
the ductility levels of the alloy require much bigger specimens. However, the 
crack tip opening displacement (CTOD) values have been evaluated for the 
extruded alloy. Comparison of such fracture toughness parameter to those of 
other alloys has revealed that it showed comparable values, and also has 
shown its superiority in some cases. 
    Apart from the aforementioned static mechanical properties, the 
dynamic performances of Mg alloys have also been investigated by 
performing ballistic impact ests on extruded  AMX602 alloy SWAP powders. 
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The results have shown a good performance of the alloy under that severe 
loading condition. The prediction of the alloy behavior under such test has 
also been performed through its simulation by FEM method using LS-
DYNA software. To accurately imitate the mechanical characteristics of the 
alloy, a newly developed material model has been introduced. The 
parameters of such a model have been optimized using a procedure based on 
preliminary tensile and compression test simulation results. After the 
verification of that material model using bending test simulation, it was used 
for the simulation of the ballistic impact test. The results of the above 
mentioned analyses have shown a good comparison between both the 
experimental and FEM results. This suggested the availability of the 
proposed material model for the accurate representation of the alloy 
characteristics. 
    A general view of the aforementioned results of the microstructure, 
texture, and mechanical properties of the Mg alloys fabricated via the hot 
extrusion of atomized powders shows the remarkable improvement of these 
alloys. That improvement has been obtained due to the combined effects of 
chemical alloying, powder metallurgy processing, and the appropriate 
selection of the processing conditions, including consolidation and extrusion 
stages. It also shows how wide a field of applications Mg alloys can get. 
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